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ABSTRACT 
 Cognitive aging is a biological process characterized by physical changes in the 
brain and subsequent alterations in cognitive function. While neurodegenerative diseases 
result in extensive neuronal death and anatomical abnormalities, normal aging has subtle 
changes resulting in a range of cognitive abilities. Early studies of cognitive aging 
focused on changes in the neuronal population, but evidence has demonstrated that 
forebrain neurons are largely preserved with age. Furthermore, the proliferation of new 
neurons in the adult brain has generated great speculation regarding the role and 
contribution of new neurons to cognitive function. Conversely, both imaging and 
ultrastructural analyses have shown that age-related alterations in white matter and 
myelin are good predictors of cognitive impairment, suggesting that alterations in 
connectivity between brain regions may result in cognitive decline.  
In this dissertation, a rhesus monkey model of normal aging was used to assess the 
contribution of adult-neurogenesis and oligodendrogenesis to cognitive function. First, 
cell proliferation and adult neurogenesis were assessed in the subgranular zone of the 
hippocampal dentate gyrus. Aged animals demonstrated a decline in proliferating cells 
and neurogenesis but only limited correlations with behavioral impairment. Immature 
	  	   vii 
neurons were also identified in temporal lobe cortices, but results indicate these immature 
cortical neurons are most likely not adult-generated. Moreover, despite an age-related 
decline in numbers, they persist throughout the lifespan and many differentiate into 
Calretinin neurons.  
Further investigation of white matter alterations used immunohistochemistry and 
diffusion spectrum imaging to correlate oligodendrocyte numbers with white matter 
connectivity.  In the corpus callosum and cingulum bundle, there were no correlations 
with age, but cognitive impairment was associated with increased oligodendrocyte 
number and decreased white matter connectivity. These correlations were only present in 
the anterior aspect of the cingulum bundle, not the posterior cingulum suggesting 
differential oligodendrocyte responses along the anterior-posterior axis of the brain.  
Together, these data demonstrate an age-related decline in adult neurogenesis may be 
only a small contributor to cognitive impairment. Additionally, a reserve pool of 
immature neurons continues to differentiate in the temporal cortex potentially 
contributing to local plasticity. Furthermore, cognitive impairment rather than aging has a 
stronger correlation with oligodendrocytes alterations and connectivity. 
 
  
	  	   viii 
TABLE OF CONTENTS 
 
ACKNOWLEDGMENTS ................................................................................................. iv	  
ABSTRACT ....................................................................................................................... vi	  
TABLE OF CONTENTS ................................................................................................. viii	  
LIST OF TABLES ........................................................................................................... xiv	  
LIST OF FIGURES .......................................................................................................... xv	  
LIST OF ABBREVIATIONS ......................................................................................... xvii	  
CHAPTER ONE ................................................................................................................. 1	  
Introduction ..................................................................................................................... 1	  
Age-Associated Cognitive Impairment ....................................................................... 1	  
Potential Mechanisms of Age-Associated Cognitive Decline .................................... 3	  
Adult Neurogenesis and Cognitive Function .............................................................. 5	  
Immature Neurons in the Cortex ................................................................................. 6	  
Oligodendrogenesis in the Adult Brain ....................................................................... 8	  
White Matter Integrity and Structural Connectivity in the Adult Brain ................... 10	  
Cerebral Spinal Fluid and the Systemic Environment .............................................. 13	  
Non-Human Primate Model of Normal Aging ......................................................... 14	  
Cognitive Assessments and the Cognitive Impairment Index (CII) ......................... 16	  
Approach of the Dissertation .................................................................................... 19	  
CHAPTER TWO .............................................................................................................. 23	  
	  	   ix 
Adult Neurogenesis And Associations with Cognitive Impairments ............................... 23	  
Abstract ......................................................................................................................... 23	  
Introduction ................................................................................................................... 23	  
Materials and Methods .................................................................................................. 29	  
Subjects ..................................................................................................................... 29	  
BrdU Administration ................................................................................................ 30	  
Tissue Acquisition .................................................................................................... 30	  
Batch Processing and Immunohistochemistry .......................................................... 31	  
Stereological Analysis of DAB Labeled Cells .......................................................... 32	  
Double-label Immunofluorescence for BrdU and Maturation Markers ................... 33	  
Confocal Analysis of Double Label Immunofluorescence ....................................... 34	  
Stereological Analysis of Hippocampal Volumes and Granule Cell Numbers ........ 34	  
Cognitive Testing ...................................................................................................... 35	  
Statistical Analysis .................................................................................................... 38	  
Results ........................................................................................................................... 39	  
Proliferative Capacity Decreases in the Aging Monkey ........................................... 39	  
Immature Neuron Production Declines with Age ..................................................... 39	  
Newly Created Neurons Show Prolonged Maturation .............................................. 40	  
Increases In Granule Cell Numbers And Volume with Age ..................................... 41	  
Age-Related Changes In Neurogenesis and Correlations with Cognitive Decline ... 41	  
Discussion ..................................................................................................................... 42	  
Summary of Results .................................................................................................. 42	  
	  	   x 
Declines In Neurogenesis with Age .......................................................................... 43	  
Maturation Of New Neurons Is Prolonged In Primates ............................................ 44	  
Adult Generated Neurons Accounts For Increased Granule Cell Number ............... 45	  
Relationship Between Adult Neurogenesis And Cognitive Decline ........................ 47	  
Conclusions ............................................................................................................... 50	  
CHAPTER THREE .......................................................................................................... 73	  
Immature Neurons in the Temporal Lobe Cortex ............................................................. 73	  
Abstract ......................................................................................................................... 73	  
Introduction ................................................................................................................... 74	  
Materials and Methods .................................................................................................. 79	  
Subjects ..................................................................................................................... 79	  
BrdU Administration ................................................................................................ 80	  
Perfusion-Fixation and Tissue Sectioning ................................................................ 80	  
DCX Chromogenic Immunohistochemistry ............................................................. 81	  
BrdU Fluorescence IHC with Cellular Phenotype Markers ..................................... 81	  
DCX Fluorescence IHC with Inhibitory and Excitatory Markers ............................ 82	  
Microscopy and Image Analysis ............................................................................... 83	  
Statistical Analysis .................................................................................................... 85	  
Results ........................................................................................................................... 85	  
Morphology and Distribution of DCX Positive Neurons ......................................... 85	  
Age-Related Decline In DCX Positive Neurons In the Anterior PHG ..................... 86	  
Limited Age-Related Changes In Proliferative Capacity In the PHG ...................... 86	  
	  	   xi 
Phenotype Of Proliferating BrdU Cells In the PHG ................................................. 87	  
Cellular Identity Of DCX Positive Immature Neurons In the PHG ......................... 88	  
Maturational State of DCX Positive Neurons ........................................................... 89	  
Discussion ..................................................................................................................... 89	  
Summary of Results .................................................................................................. 89	  
Technical Considerations and Caveats ..................................................................... 90	  
Origin of Cortical Immature Neurons ....................................................................... 94	  
Age-related Changes and Fate of Immature Neurons ............................................... 99	  
Cellular Identity of Immature Cortical Neurons ..................................................... 101	  
Functional Implications for Additional Calretinin Neurons in the Adult Cortex ... 105	  
Conclusions ............................................................................................................. 107	  
CHAPTER FOUR ........................................................................................................... 126	  
Oligodendrogenesis in the Aging Brain .......................................................................... 126	  
Abstract ....................................................................................................................... 126	  
Introduction ................................................................................................................. 127	  
Materials and Methods ................................................................................................ 133	  
Subjects ................................................................................................................... 133	  
Behavioral Assessment ........................................................................................... 133	  
Magnetic Resonance Imaging ................................................................................. 136	  
Proteomic Analysis of Cerebral Spinal Fluid ......................................................... 137	  
Tissue Acquisition .................................................................................................. 138	  
PDGFRα/CC1 Immunohistochemistry and Analysis ............................................. 139	  
	  	   xii 
Cytoarchitectural Boundaries for the Cingulum Bundle and Corpus Callosum ..... 140	  
Stereologic Analysis ............................................................................................... 140	  
Estimation of Volume ............................................................................................. 142	  
Statistical Analysis .................................................................................................. 143	  
Results ......................................................................................................................... 143	  
Limited Age-Related Changes in OPCs and Mature Oligodendrocytes ................. 144	  
Increased Oligodendrocyte Number and Volume in Cognitive Impaired Animals 146	  
Restricted Sex-Effects in Oligodendrocyte Cell Numbers and Volume ................. 148	  
Correlations with Cognitive Function on Behavioral Tasks ................................... 150	  
Increase in Total Glial Cell Number and Volume on Nissl Sections ..................... 153	  
Increased Oligodendrocytes in Regions with Low White Matter Connectivity ..... 154	  
Proteomic Analysis of Cerebral Spinal Fluid ......................................................... 155	  
Discussion ................................................................................................................... 156	  
Summary of Results ................................................................................................ 156	  
Oligodendrocyte Changes with Age and Cognitive Impairment ............................ 157	  
Correlations with Behavioral Assessments ............................................................. 160	  
Volume Changes in White Matter .......................................................................... 163	  
White Matter Pathways of the Cingulum Bundle and Corpus Callosum ............... 164	  
Structural White Matter Connectivity ..................................................................... 167	  
Exploratory Analysis of the Systemic Brain CSF Environment ............................. 170	  
Conclusion .............................................................................................................. 173	  
CHAPTER FIVE ............................................................................................................ 194	  
	  	   xiii 
Conclusions and Future Directions ............................................................................. 194	  
Summary of Results ................................................................................................ 194	  
Environmental Factors Modulating Neurogenesis and Oligodendrogenesis .......... 199	  
Alterations of Myelin Tracts in the Temporal Lobe ............................................... 203	  
Myelin Regulatory Factor (Myrf) in Mature Oligodendrocytes ............................. 205	  
Future Studies on Systemic CSF Factors ................................................................ 206	  
Conclusion .............................................................................................................. 209	  
BIBLIOGRAPHY ........................................................................................................... 210	  
CURRICULUM VITAE ................................................................................................. 236	  	  
  
	  	   xiv 
LIST OF TABLES 
CHAPTER TWO: 
Table 1. All Subjects- Ordered by Age. ............................................................................ 52	  
Table 2. Males with 3 week BrdU survival time- Ordered by Age. ................................. 53	  
Table 3. Animals used for Fluorescence IHC- Ordered by BrdU Survival Time. ............ 54	  
 
CHAPTER THREE: 
Table 4. All Subjects- Ordered by Age. .......................................................................... 109	  
 
CHAPTER FOUR: 
Table 5. All Subjects- Ordered by Age. .......................................................................... 175	  
Table 6. Stereological Parameters for Each ROI. ........................................................... 176	  
Table 7. Protein Abundance Down-regulated with Age. ................................................ 177	  
Table 8. Protein Abundance Up-regulated with Age. ..................................................... 178	  
Table 9. Protein Abundance Down-regulated with Impairment. .................................... 179	  
Table 10. Protein Abundance Up-regulated with Impairment. ....................................... 181	  
 	  
  
	  	   xv 
LIST OF FIGURES 
CHAPTER TWO: 
Figure 1. Capacity for neurogenesis declines with age. .................................................... 55	  
Figure 2: Total number of DCX cells in the dentate gyrus declines with age. ................. 57	  
Figure 3: Newly generated neurons identified with DCX and NeuN. .............................. 59	  
Figure 4: Newly generated cells have delayed neuronal maturation in aged animals. ..... 61	  
Figure 5: Regions of interest for hippocampal stereology. ............................................... 63	  
Figure 6: Stereological analysis of dentate gyrus shows increases with age. ................... 65	  
Figure 7: Cognitive decline in aging animals. .................................................................. 68	  
Figure 8: Correlation of newly generated cells with the cognitive task CSST. ................ 70 
 
CHAPTER THREE: 
Figure 9. Regions of Interest for DCX Quantification. .................................................. 110	  
Figure 10.  DCX Staining Patterns in Young and Old Animals. .................................... 112	  
Figure 11. Age-Related Decline in DCX+ Neurons in the Parahippocampal Gyrus. .... 114	  
Figure 12. Limited Age-Related Changes in Cell Proliferation. .................................... 116	  
Figure 13. BrdU/DCX Labeled Cell in the Parahippocampal Gyrus. ............................. 118	  
Figure 14. Proliferation of Glial Cells in the Parahippocampal Gyrus. .......................... 120	  
Figure 15. Phenotype of Immature Neurons in the Parahippocampal Gyrus. ................ 122	  
Figure 16. Co-localization of DCX+ Immature Neurons with Calretinin and NeuN. .... 124 
 	  	  
	  	   xvi 
CHAPTER FOUR:  
Figure 17. Region of interest for stereological evaluation of oligodendrocytes. ............ 182	  
Figure 18: Increased Number of Oligodendrocytes and Volume in the Anterior Cingulum 
of Cognitive Impaired Animals. ............................................................................. 184	  
Figure 19: Correlations of Age and Impairment on Cognitive Tasks. ............................ 186	  
Figure 20: Multiple Regressions Analysis with Cognitive Performance. ....................... 188	  
Figure 21: Oligodendrocytes in Regions with Low White Matter Connectivity. ........... 190	  
Figure 22: Mass Spectrometry Analysis of Cerebral Spinal Fluid. ................................ 192	  
 
 
  
	  	   xvii 
LIST OF ABBREVIATIONS 
14C ........................................................................................................................ Carbon 14 
AD ......................................................................................................... Alzheimer’s disease 
ALS ...................................................................................... Amyotrophic Lateral Sclerosis 
ANOVA ............................................................................................... Analysis of Variance 
APOE ......................................................................................................... Apolipoprotein E 
ASI ................................................................................. Applied Scientific Instrumentation 
BDNF ............................................................................ Brain Derived Neurotrophic Factor 
BrdU ............................................................................................. 5-Bromo-2’-deoxyuridine 
CA1 .......................................................................................................... Cornu Ammonis 1 
CA2 .......................................................................................................... Cornu Ammonis 2 
CA3 .......................................................................................................... Cornu Ammonis 3 
CaMKII .................................................. Calcium/Calmodulin-dependent Protein Kinase II 
CE .......................................................................................................... Coefficient of Error 
CII ............................................................................................ Cognitive Impairment Index 
CNS ................................................................................................ Central Nervous System 
CNTN4 ................................................................................................................ Contactin-4 
CR .......................................................................................................................... Calretinin 
CSF ..................................................................................................... Cerebral Spinal Fluid 
CSST .......................................................................................... Category Set-Shifting Task 
DAB ......................................................................................................... Diaminobenzidine 
DCC ........................................................................................ Deleted in Colorectal Cancer 
	  	   xviii 
DCX ................................................................................................................. Doublecortin 
dDG ..................................................................................................... Dorsal Dentate Gyrus 
DG .................................................................................................................. Dentate Gyrus 
DNMS .................................................................................. Delayed Non-Match to Sample 
DRST ................................................................................. Delayed Recognition Span Task 
DSI ........................................................................................... Diffusion Spectrum Imaging 
DTI ............................................................................................... Diffusion Tensor Imaging 
EC ............................................................................................................. Entorhinal Cortex 
EFNA5 ................................................................................................................. Ephrin-A5 
EM........................................................................................................ Electron Microscopy 
FA ...................................................................................................... Fractional Anisotropy 
FGF-2 ......................................................................................... Fibroblast Growth Factor 2 
GABA ...................................................................................... Gamma-Aminobutyric Acid 
GAD ...................................................................................... Glutamic Acid Decarboxylase 
GAD65 ............................................................... Glutamic Acid Decarboxylase Isoform 65 
GAD67 ............................................................... Glutamic Acid Decarboxylase Isoform 67 
GCL......................................................................................................... Granule Cell Layer 
GFAP .................................................................................... Glial Fibrillary Acidic Protein 
GPI ......................................................................................... Glycosylphosphatidylinositol 
H2O2 ....................................................................................................... Hydrogen Peroxide 
HCL......................................................................................................... Hydrochloric Acid 
IgG ............................................................................................................ Immunoglobulins 
	  	   xix 
IHC ................................................................................................... Immunohistochemistry 
IL-10 ............................................................................................................... Interleukin 10 
IL-1β ........................................................................................................ Interleukin 1, Beta 
IL-4 ................................................................................................................... Interleukin 4 
IL-6 ................................................................................................................... Interleukin 6 
ITG ...................................................................................................... Inferotemporal Gyrus 
Ki-67 .................................................................... Kiel 67, Antigen 67 Proliferation Marker 
LEP ................................................................................................ Ludl Electronic Products 
LTP ................................................................................................. Long-Term Potentiation 
Mag ................................................................................... Myelin-Associated Glycoprotein 
MBP .......................................................................................................... MicroBrightField 
MBF ..................................................................................................... Myelin Basic Protein 
mPFC ............................................................................................ Medial Prefrontal Cortex 
MRI ........................................................................................ Magnetic Resonance Imaging 
MS ............................................................................................................ Multiple Sclerosis 
Myrf ............................................................................................. Myelin Regulatory Factor 
NCAM1 ........................................................................... Neural Cell Adhesion Molecule 1 
NeuN ........................................................................................................... Neuronal Nuclei 
NFASC ............................................................................................................... Neurofascin 
Ngr ................................................................................................................ Nogo Receptor 
NHP ..................................................................................................... Non-Human Primate 
NQA ............................................................................ Normalized Quantitative Anisotropy 
	  	   xx 
ODF ............................................................................... Orientation Distribution Functions 
Olig2 ...................................................................... Oligodendrocyte Transcription Factor 2 
OLs ............................................................................................................ Oligodendrocytes 
OMG ........................................................................ Oligodendrocyte-Myelin Glycoprotein 
OPC ..................................................................................... Oligodendrocyte Precursor Cell 
PSA-NCAM ................................................... Polysialated Neural Cell Adhesion Molecule 
PCA ..................................................................................... Principal Components Analysis 
PD .......................................................................................................... Parkinson’s disease 
PDGF .................................................................................. Platelet-Derived Growth Factor 
PDGFRα .................................................. Platelet-Derived Growth Factor Receptor- Alpha 
PHG ................................................................................................ Parahippocampal Gyrus 
PVA-DABCO .................................... Polyvinyl Alcohol Mounting Medium with DABCO 
RMS ............................................................................................. Rostral Migratory Stream 
ROBO1 ................................................................. Roundabout-Axon Guidance Receptor 1 
ROI ............................................................................................................ Region of Interest 
SGZ ........................................................................................................... Subgranular Zone 
SLITRK4............................................................................ SLIT and NTRK-Like Protein 4 
SVZ ....................................................................................................... Subventricular Zone 
TFE ........................................................................................................... Turbo Field Echo 
TGF- β ............................................................................. Transforming Growth Factor Beta 
TMT ....................................................................................................... Tandem Mass Tags 
TNF-α ..................................................................................... Tumor Necrosis Factor Alpha 
	  	   xxi 
Tuj-1 ........................................................................................ Neuron-Specific Tubulin- III 
UNC5B ...................................................................................... Uncoordinated-5 Homolog 
WCST .................................................................................... Wisconsin Card Sorting Task 
µm ....................................................................................................................... Micrometer 
 
  
 
	  	  
1 
CHAPTER ONE 
Introduction 
Age-Associated Cognitive Impairment 
Normal aging is a progressive process associated with gradual changes in 
biological and psychological functions as people get older. Of these age-related changes, 
alterations in brain structure and cellular functions are closely linked to declines in 
cognitive performance that are defined by impairments in memory, attention, and 
executive function (Albert, 1988). However, despite these cognitive impairments, 
cognitive aging is not a disease or quantifiable level of dysfunction (Blazer et al., 2015). 
Although there are clear generalities that can characterize cognitive aging, there also 
remains a high amount of variability amongst individuals. The term “successful agers” 
can be applied to individuals who retain cognitive capacity well into the 70s and 80s. 
Other individuals, however, are “unsuccessful agers” and may display signs of cognitive 
decline in their 60s.  
Through neuropsychological assessments, limited age-associated impairments 
have been detected in verbal ability, numerical abilities and general knowledge (Deary et 
al., 2009). However, assessments of specific cognitive domains such as episodic memory, 
executive functions, processing speed and reasoning, begin to decline from middle-age 
onwards (Glisky, et al., 1995; Hedden and Gabrieli 2004). More specifically, 
neuropsychological evaluation of a population of healthy aging individuals, devoid of co-
morbid psychological disorders, revealed that tasks assessing memory recall elicited 
deficits as early as fifty years of age, while executive function was retained for a longer 
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time period, but decline later around seventy years of age (Albert, 1988). These studies 
highlight differences in the maintenance of difference cognitive domains, but also the 
wide range of individual variability.  
Cognitive impairments have been commonly considered a normal consequence of 
brain aging, with as much as 19.3% of individuals meeting the criteria for age-associated 
cognitive decline. However, of these individuals, there is a surprisingly high rate of 
28.6% of individuals converting to dementia within a 3 year period (Ritchie et al., 2001). 
These deficits in cognitive abilities can have negative effects on the quality of life, with 
conversion to dementia resulting in more severe loss of abilities. As the aging population 
around the world continues to increase, these high rates of conversion to dementia 
demonstrate a pressing need for ongoing research on the biological underpinnings of age-
related cognitive decline. Consequently, while cognitive aging is not a disease, it is a 
major public health issue that needs to be addressed.  
According to the United Nations World Population Aging Report (2013), the 
aging population is increasing world wide with the number of individuals aged 60 years 
or older expecting to double from 841 million in 2013, to more than 2 billion in 2050. In 
the United States, the Government census estimates that by 2030, more than 20% of the 
US population are projected to be aged 65 and over, compared with 13% in 2010, and 
9.8% in 1970 (Ortman et al., 2014). These significant changes bring about many 
economic, medical, and social changes that present a significant challenge for public 
health.   
	  	  
3 
Potential Mechanisms of Age-Associated Cognitive Decline 
 There are many external considerations when investigating the biological 
underpinnings of normal cognitive aging. Factors including genetics, general health 
status, diet and lifestyle can have a strong impact on cognitive performance and may 
underlie the high levels of individual variability detected in cognitive assessments. 
Despite these many different factors, the earliest studies investigating age-related 
cognitive decline implicated widespread neuronal loss as the primary factor involved in 
this process.  
Initial examination of the total neuronal number in the human brain indicated an 
age-related decrease of neurons in the superior temporal gyrus, precentral gyrus and 
visual cortex (Brody, 1955). These early studies in the human brain were corroborated by 
investigations in the aging non-human primate, where neuronal loss was also reported in 
the lateral principal gyrus of the frontal cortex and the hippocampus (Brizzee et al., 
1980). However, subsequent studies using morphometric analyses and more robust 
sampling procedures determined that neuronal loss in the cortex is not significantly 
changed or as widespread as previously reported (Haug, 1985). The discrepancy in these 
studies was found to be a result of histological post-processing generating differential 
responses in the young and old tissue. In particular, tissue from old subjects shrinks 15% 
less than young tissue, resulting in an appearance of decreased cell density in old subjects 
(Haug, 1985). Employing more advanced cell counting techniques, such as design-based 
stereology, later studies confirmed lower levels of neuronal loss, with an estimated 10% 
of neocortical neurons lost over the lifespan (Pakkenberg & Gundersen, 1997). However, 
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these investigations do not preclude results of other studies reporting specific cortical 
neuron loss in selective subcortical regions of the brain such as the substantia nigra and 
ventral tegmentum (Siddiqi et al., 1999).   
While widespread neuronal loss in the aging brain does not appear to be the 
underlying cause of cognitive decline, brains of older adults tend to have lower volumes 
of grey matter compared with younger adults (Haug & Eggers, 1991; Resnick et al., 
2003). However, as these volume declines are not due to cell death, studies have shown 
that these changes are due to lower synaptic densities in older adults with neocortical 
synapse density declining steadily between the ages of 20 and 100 (Terry, 2000). These 
regional changes in volume are not uniform, with some areas such as the frontal and 
parietal cortices showing a greater decline in grey matter volume, while regions such as 
the occipital cortex remaining relatively unaffected (Raz et al., 2005; Resnick et al., 
2003). Lower synaptic densities may be the result of decreased neuronal activation or less 
synchrony in neuronal population firing (Hedden & Gabrieli, 2004). However, these 
effects may also be due to changes in cellular connectivity and disrupted communication 
between cells as a result of axonal and myelin alterations.  
Investigations of normal aging have used multiple methodologies in an attempt to 
document changes in the aging brain.  Studies using MRI technologies, histologic 
examinations, and behavioral assessments have all provided clues on the neurobiological 
changes in cognitive aging. However, more research is needed to decipher the subtle and 
specific biological differences resulting in unsuccessful and successful aging. 
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Adult Neurogenesis and Cognitive Function 
Over the past few decades, studies have begun to challenge the long-held dogma 
that new neurons cannot be generated in the adult brain. In particular, a seminal study by 
Altman & Das, (1965) provided the initial evidence of neuronal proliferation in the adult 
brain. Since these early studies, many more reports have been published confirming the 
ongoing proliferation of neurons in the adult brain of different species, including rodents, 
non-human primates and humans (Eriksson et al., 1998; Gould et al., 1999; Kornack & 
Rakic, 1999).  
Termed “adult neurogenesis”, the generation of new neurons in the adult brain, is 
now known to occur in two specific regions of the brain: the subventricular zone (SVZ) 
of the lateral ventricles and the subgranular zone (SGZ) of the hippocampal dentate 
gyrus. The ongoing proliferation of neurons in the adult brain has provided some 
speculation to the contribution of new neurons to cognitive function. Neurons derived 
from the SVZ migrate along the rostral migratory stream (RMS) and differentiate into 
periglomerular cells and granule cells in the olfactory bulb where they are involved in the 
modulation of olfaction (Gheusi & Lledo, 2014). Adult generated neurons in the SGZ 
migrate into the granule cell layer of the dentate gyrus and play a specialized role in 
hippocampal-based tasks, specifically in pattern separation- the separation of similar 
memory representations (Aimone et al., 2010).  
The morphology and physiology of these neurons have been well characterized 
through distinct stages in the maturation process (Ambrogini et al., 2004; Ngwenya et al., 
2006). At early stages of neuronal development, the adult-born neurons have small 
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somata and limited dendritic processes rending the cells functionally silent. During the 
immature phase, the neuron extends processes that begin to branch while becoming 
physiologically hyperexcitable. Once a mature phenotype is expressed, the neurons are 
synaptically integrated and are physiologically indistinguishable from surrounding 
granule cells (Aimone et al., 2010). Investigations into the functional contribution of 
adult neurogenesis have used low-dose irradiation to arrest production of newborn 
neurons in the DG of mice and shown that pattern separation tasks are impaired (Clelland 
et al., 2009). Transgenic mouse models have also been used to transiently reduce the 
number of adult-born neurons in a temporally regulated manner. Deng et al., (2009) used 
this approach in mice with a conditional knockout of the nestin promoter, to demonstrate 
that a reduced number of immature neurons impaired performance on the Morris Water 
Maze task and in contextual fear extinction. Overall, these findings suggest that adult-
born neurons contribute to hippocampal-dependent cognitive tasks. In normal aging, 
neurogenesis in rodents, primates and humans has been shown to have a sharp age-related 
decline further implicating a role of adult-neurogenesis in age-related cognitive decline 
(Kuhn, et al., 1996; Leuner et al., 2007; Spalding et al., 2013). 
Immature Neurons in the Cortex 
While adult neurogenesis has been established in the SVZ and SGZ, the existence 
of additional regions capable of ongoing neurogenesis remains an open question. Studies 
examining non-established regions have generated conflicting findings with reports of 
adult-generated neurons in the striatum (Ernst et al., 2014; Luzzati et al., 2007), amygdala 
(Bernier et al., 2002), hypothalamus (Migaud et al., 2010; Yuan et al., 2011), and 
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substantia nigra (Zhao et al., 2003). In particular, investigations of adult neurogenesis in 
the neocortex have generated inconsistent findings resulting in much debate (Gould et 
al.,1999b; Kornack & Rakic, 2001; Nowakowski and Hayes, 2000). Using markers of 
immature neurons such as Doublecortin (DCX) and the polysialated neural cell adhesion 
molecule (PSA-NCAM), multiple studies have reported the existence of populations of 
immature neurons in cortex of the adult brain (Gómez-Climent et al., 2008; Xiong et al., 
2008; Zhang et al., 2009). More specifically, these immature neurons have been reported 
in cortical layer II/III in piriform and entorhinal, regions in mice and rats, but are more 
abundant and highly dispersed in higher mammalian species with larger cortices. In 
particular, cats and primates, have a larger distribution of immature neurons in ventral 
portions of the frontal and temporoparietal lobes compared with dorsal regions, and 
higher abundance in association regions compared with primary cortical areas (Cai et al., 
2009; Varea et al., 2011). The presence of immature neurons in the cortex has highlighted 
three main questions that remain unresolved: (1) The temporal origin of immature 
cortical neurons and whether they are generated in adulthood or during development; (2) 
the fate of these neurons and whether they survive and incorporate into existing circuitry, 
and (3) the cellular identity of immature neurons and if they are of a inhibitory or 
excitatory neuronal phenotype.  
Evidence from previously published reports indicate that immature cortical 
neurons are not adult-generated, and likely neurons remaining in an arrested state 
following proliferation during development. An age-related decline in the number of 
immature cortical neurons has also been reported, suggestive of progressive 
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differentiation from an immature state into a mature state. Despite this ongoing 
maturation, the cellular identity of these neurons remains inconclusive with evidence of 
co-localization with GABA-associated proteins and calcium binding proteins, indicative 
of an inhibitory phenotype (Cai et al., 2009; Xiong et al., 2008), while other studies have 
found an excitatory identity (Gómez-Climent et al., 2008; Luzzati, et al., 2009). Despite 
these inconsistencies, the potential role of immature neurons in the cortex may point to 
ongoing plasticity and modulation of local circuitry in the adult brain. 
Oligodendrogenesis in the Adult Brain 
In recent years, there has been a growing shift within the neuroscience literature 
from a “neuron-centric” viewpoint of cognitive function, to an expanding view of glial 
cell involvement. Traditionally considered the supporting cells of the central nervous 
system (CNS), the term ‘glia’ translates to ‘glue’ highlighting the historically perceived 
role of astrocytes, oligodendrocytes, and microglia. However, increasing amounts of 
evidence are being provided for the growing role of glial cells in synaptic plasticity and 
overall cognitive functioning. In particular, oligodendrocytes have been shown to 
participate in axonal function, synaptic plasticity and myelin formation, repair and 
remyelination. 
The functional role of oligodendrocytes has predominately been implicated in the 
formation of the myelin sheath surrounding axons in the CNS. The high lipid content of 
myelin allows for electrical insulation of axons to facilitate salutatory conduction of 
nerve impulses for rapid communication and temporal synchronization between cells 
throughout the CNS. In addition to myelin formation, recent studies have established that 
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oligodendrocytes are involved in many other cellular processes such as neuronal-glial 
interactions, metabolic support for axons, and adaptive myelination (Bercury & Macklin, 
2015; Nave, 2010). In particular, myelination by oligodendrocytes has been shown to be 
modulated in response to neuronal activity either artificially, using techniques such as 
optogenetics, or through enriched learning conditions such as playing the piano 
(Bengtsson et al., 2005; Gibson et al., 2014). Consequently, more attention is being 
focused on the role of oligodendrocytes and plasticity in the adult brain.  
The large majority of myelinating oligodendrocytes are born early in the postnatal 
period.  However, oligodendrocyte generation is not limited to this early period, but 
continues throughout adulthood where oligodendrocyte precursor cells (OPCs) 
differentiate into mature, myelinating oligodendrocytes (OLs) (Dimou et al., 2008). In 
rodents, the generation of OLs in adulthood is continuous, but occurs at a low rate with a 
decline in cell division rates with age (Young et al., 2013). In humans, a recent study 
analyzing atmospheric 14C levels reported that the oligodendrocyte population is 
remarkably stable after 5 years of age, with only a 0.3% rate of oligodendrocyte exchange 
annually (Yeung et al., 2014). While quiescent OPCs residing within the parenchyma 
differentiate at low rates, OPCs derived from progenitor cells in the subventricular zone 
(SVZ) can also be generated in the adult brain, particularly in response to demyelination 
(Menn et al., 2006; Nait-Oumesmar et al., 2007). 
Therefore, adult-generated oligodendrocytes have an intriguing potential for 
adaptive myelination and injury repair, but the exact functional role in the adult brain 
remains largely unknown. It has been hypothesized that newly-generated 
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oligodendrocytes in the adult brain may play a role either in “de novo myelin genesis” or 
“myelin remodeling” (Young et al., 2013). De novo myelin genesis involves the 
myelination of axonal sheaths that are unmyelinated or lightly myelinated. Myelin 
remodeling requires adult-born oligodendrocytes to replace existing oligodendrocytes and 
the continuation of myelin production for the axon previously ensheathed by the old 
oligodendrocyte. In this latter process, it remains unknown if oligodendrocytes replace 
existing oligodendrocytes, or if they have an additive contribution to the oligodendrocyte 
population resulting in a local increase of oligodendroglia. 
White Matter Integrity and Structural Connectivity in the Adult Brain 
The ongoing presence of oligodendrogenesis has evolved from observations of 
white matter alterations in the adult brain. In the aged brain, examination of axonal 
ultrastructure with electron microscopy (EM) has reported evidence of ongoing 
remyelination. In the primate brain, Peters & Sethares, 2004 demonstrated an increase in 
the number of axonal paranodes indicating a shortening of intermodal length, reflective 
of newly formed myelin sheaths. These sheaths are typically thinner than 
developmentally generated myelin sheaths, resulting in a larger g-ratio (axon 
diameter/total thickness of axon diameter and myelin sheath). The short internodes and 
thin myelin have typically been considered hallmarks of early remyelination, however 
more recent studies have shown that with extended periods of time, the myelin sheath 
will increase in thickness and eventually resemble developmentally generated myelin 
(Powers et al., 2013). Alternatively, it has also been hypothesized that rather than 
evidence of remyelination, the unique thinner myelin and shorter internodes may be an 
	  	  
11 
example of adult myelination (Young et al., 2013). Additional evidence of age-related 
changes in the axonal organization is seen in reports of sodium and potassium channel 
reorganization at the nodes of ranvier (Hinman et al., 2006).  Overall, these ultrastructural 
alterations in axonal organization are hypothesized to generate changes in neuronal 
communication, potentially contributing to age-related cognitive decline.  
As an alternative, or even complementary method, to ultrastructural examination 
within the brain, magnetic resonance imaging provides a non-invasive assessment of 
gross anatomical brain structures and connections between brain regions. Using 
specialized imaging sequences, age-related analyses of white matter connectivity in the 
brain have been assessed using diffusion tensor imaging (DTI) and diffusion spectrum 
imaging (DSI). Diffusion imaging is a modality sensitive to the diffusion patterns of 
water, with the detected signals reflecting the constraints imposed on water movement by 
surrounding tissues (Kolasinkski et al., 2013). As a result, water diffusion is restricted 
within intact cellular compartments such as an axon surrounded by a myelin sheath. 
Consequently, the diffusion of water will be altered by changes in tissue microstructure 
and organization.  
Using DTI to characterize water diffusion as a function of spatial location 
(Alexander et al., 2007), the degree of anisotropy and orientation of diffusion can be 
measured as an index of fractional anisotropy (FA) (Bennett & Madden, 2014; Le Bihan, 
2006).  As a variant of DTI, DSI was developed to detect a greater range of diffusion 
within a voxel (Wedeen et al., 2008), and uses the normalized quantitative anisotropy 
(NQA) as an index of water diffusion. Across many DTI studies of normal aging, there 
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appears to be an age-related decrease in FA, suggestive of a decline in composition and 
integrity of white matter fibers (Madden et al., 2009; Sullivan & Pfefferbaum, 2006). 
These MRI findings are corroborated by histological data revealing age-related increases 
in axon degeneration, loosely packed myelin, redundant myelin, and inclusions within the 
glial cells and myelin sheaths (Peters, 2002; Bowley et al., 2010). The correlation 
between white matter integrity and cognitive function is further supported by reports of 
age-related decreases in FA in frontal, temporal, and parietal lobes corresponding with 
poorer cognitive performance (Grieve et al., 2007).  
Additional diffusion analyses such as tractography can assess structural white 
matter connectivity among interconnected voxels propagating through regions in the 
brain. Studies using tractography to estimate hippocampal white matter connections have 
shown that weaker connections correlate with poorer performance on cognitive tasks 
involving memory recall (Koo et al., 2013). Therefore, measures of water diffusion and 
white matter connectivity provide insight into the integrity of axonal myelin that is 
reflective of performance on cognitive tasks.  
Overall, it remains unknown if age-related alterations in white matter composition 
and myelin integrity are a result of changes in the oligodendrocyte population. The 
ongoing proliferation of oligodendrocytes in the adult brain may function as a 
homeostatic mechanism to maintain the structural composition of myelin through the 
replacement of old oligodendrocytes. Alternatively, new oligodendrocytes may be 
present to generate new myelin sheaths in response to local environmental signals. The 
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correlation between myelin alterations and cognitive function is apparent, although the 
specific contribution of oligodendrocytes in these processes has yet to be elucidated.  
Cerebral Spinal Fluid and the Systemic Environment 
The functional role of the cerebral spinal fluid (CSF) has traditionally been 
considered as buoyancy and protection of the brain, in addition to clearance of waste 
from the cellular interstitial fluid. While these functions are essential for the protection 
and maintenance of the brain, CSF can also provided insight into pathological conditions 
resulting in volume alterations or changes in the cellular composition. As a result of the 
close apposition of the CSF compartments to the interstitial fluid of the brain, CSF is a 
potential source of biomarkers for different neurological conditions. Therefore, many 
clinical investigations use samples of CSF to obtain information of the cerebral 
environment and for analysis of potential abnormalities. In multiple sclerosis (MS), an 
autoimmune, inflammatory disorder of the CNS characterized by focal demyelinating 
lesions and axonal degeneration and loss (Ferguson, et al., 1997; Imitola et al., 2006), 
increased levels of immunoglobulins (IgG) and CD4+ activated T lymphocytes secrete 
various cytokines in the CSF (McFarland & Martin, 2007). Further, proteomic analyses 
of MS CSF have also revealed molecules that are associated with energy metabolism, 
oligodendrocytes, neurons, and myelin metabolism, suggestive of pathogenesis and 
progression of the disease (Menon et al., 2011).   
It remains unclear whether immune and inflammatory pathways become 
hyperactivated with age and promote degeneration, or whether insufficient immune 
responses may contribute to age-related changes in the brain (Lucin & Wyss-Coray, 
	  	  
14 
2009). However, evidence of inflammatory markers has been reported in aging studies 
with targets impacting both myelin integrity and neuronal and glial cell populations. In 
particular, specific pro- and anti-inflammatory cytokines have been reported to either 
increase or decrease levels of adult neurogenesis, resulting in alterations of performance 
on behavioral assessments (Villeda et al., 2011). Examples of these include the pro-
inflammatory cytokines IL-1β, IL-6, TNF-α, CCL11 and the anti-inflammatory cytokines 
IL-4, IL-10 and TGF-β (Kohman & Rhodes, 2013; Villeda et al., 2011). Furthermore, 
specific markers known to target axonal growth and oligodendrogenesis have been 
identified, including PDGF, FGF-2, Netrin-1 and BDNF (Mitew et al., 2014).  However, 
direct evidence of these factors impacting cognitive function has not been demonstrated. 
Overall, the CSF provides insight into the systemic environment of the central nervous 
system. Quantitative analyses of the CSF may reveal differential levels of protein 
abundance involved in specific brain states. In particular, alterations in proteins 
associated with cognitive impairment may identify factors involved in cognitive 
processing. Additional experiments can be performed on the target proteins to determine 
the specific contribution to cognitive function. Therefore, the analysis of CSF may 
provide a unique method of identifying protein biomarkers involved in cognitive aging.  
Non-Human Primate Model of Normal Aging 
The neuroanatomical evaluation of age-related changes has frequently used 
animal models or post-mortem human samples. While the overall goal of most research 
investigations is to apply the knowledge to human models, research with human tissue is 
limited and subject to high levels of variability. Many of the limitations of human 
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samples include the sample regions available for investigation, post-mortem intervals and 
tissue preservation, and individual variations in genetics, health, and lifestyle. As many 
biological processes are highly impacted by these factors, animal models are used to 
control for confounding variables that can alter cellular and molecular mechanisms 
within the brain.  
In this dissertation, we obtained tissue samples from a cohort of rhesus monkeys 
(Macaca mulatta) that were involved in a longitudinal study of normal aging. The non-
human primate brain provides the closest anatomical comparison to the human brain, 
with the most similar biological processes. In addition to the anatomical comparisons 
with the human brain, non-human primates are capable of more complex cognitive tasks, 
which are used to evaluate ongoing cognitive processing throughout the lifespan. Similar 
to humans, the rhesus monkey exhibits age-related cognitive declines in working 
memory, recognition memory executive function (Moore et al., 2005; Moss et al., 1997; 
Moss et al., 1988; Rapp & Amaral, 1989). Therefore, assessments of overall cognitive 
capabilities can be assessed through modified versions of human neurocognitive tasks 
(Moore et al., 2005).   
The lifespan on the rhesus monkey is approximately 30 years old, with a 
population study estimating an age ratio of 1:3 human years (Tigges et al., 1988). Many 
of these animals come from breeding programs at primate facilities and live in open 
corrals with other animals for the majority of their lives. Through these programs, the 
complete health histories of the animals are known and can be screened for diseases, in 
addition to a controlled and regulated diet. Finally, while rhesus monkeys demonstrate 
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age-related neuropathologies in brain such as amyloid deposition, these plaques do not 
correlate to cognitive function and cannot be characterized as Alzheimer’s disease (AD) 
(Sloane et al., 1997). These factors remove of the many confounding variables that can be 
difficult to control for in a human population. 
Cognitive Assessments and the Cognitive Impairment Index (CII) 
To assess overall cognitive function, all animals were tested on a battery of 
behavioral assessments designed to generate a global score of cognitive ability. The 
battery of tasks included the Delayed Non-Match to Sample (DNMS) task, the Delayed 
Recognition Span Task (DRST), and the Category Set-Shifting Task (CSST). The DNMS 
task was composed of an acquisition segment to assess rule learning, followed by a test of 
short-term memory with 2-minute delays and 10-minute delays. The DRST task had two 
components, testing both spatial and object memory.  
The DNMS task is a benchmark for recognition memory assessment (Herndon et 
al., 1997; Moss, 1993). Acquisition of DNMS is conducted using a positive reinforcer in 
the center well of a testing board, then hidden by a sample object. The animal must learn 
to displace the sample object to obtain the reinforcer. The task is then extended by 
placing the sample object one of two lateral wells without a reinforcer, while a novel 
object is placed over the other lateral well with a reinforcer underneath. After a 10 second 
delay, the animal is given a recognition trial to choose between the two objects, and is 
rewarded for choosing the novel object. The acquisition phase is administered for 10 
trials a day until criterion is established by completing 90 correct responses in 100 
consecutive trials. Following completion of the acquisition component, the delay interval 
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between presentation of the sample object and the recognition choice is increased to 2 
minutes for 100 consecutive trials, and then to 10 minutes for another 100 trials. Analysis 
of performance for the DNMS acquisition phase is measured by the number of trials to 
criterion, and the number of errors. The delay components are measured by the percent 
correct for each of the delay trial sections.  
The DRST is another visual recognition assessment of short-term working 
memory, testing both spatial and object memory (Inouye et al., 1993; Moss et al., 1986). 
The spatial component involves placing a reinforcer in one well of an 18 well board (3 x 
6), then covering the well with a plain disc. The animal must first learn displace the disc 
in order to retrieve the reinforcer. Following the completion of this task, the disc is placed 
back over the initial well, and a new disc is added to the board with a reinforcer 
underneath. To be rewarded, the animal must displace the second disc in the novel 
location. If an error is made, the trial is concluded and a span of 1 is recorded. If the trial 
is successful, both discs are returned to their original locations and a new disc is added to 
the board. The trials continue until an error is made, and the span score is determined by 
the number of discs correctly identified by the novel spatial location. The object 
component of DRST is administered in the same format as the spatial condition, but the 
plain discs are replaced with objects of distinctly different shapes. Following the same 
concept, objects are added to the board, and the animal is rewarded for choosing the 
novel object. Each task is administered for 10 trials a day until 100 trials are completed. 
Performance analysis for both spatial and object are measured by the total span of 
discs/objects prior to an error.  
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The CSST is a modified version of the Wisconsin Card Sorting Task (WCST) 
which is designed to assess execute function in humans (Moore et al., 2005). This task is 
administered using an automated testing apparatus with a touch screen to obtain a reward. 
Each trial uses 3 different objects that differ in color (red, green, blue) and shape 
(triangle, star, square). Initial testing involves rewarding animals for touching a red 
object, regardless of the object shape. Once the criterion of 10 consecutive correct trials is 
complete, the task reward criterion shifts to a new category, the shape of triangle, 
regardless of color. Following 10 consecutive correct trials, the task reward criterion 
shifts again, this time to blue, regardless of shape. The final shift is then to the star object. 
For all 4 set shifts, animals are given 60 seconds to complete a trial and undergo 80 trials 
per day, with an inter-trial interval of 15 seconds. Performance analysis is measured by 
the number of perseverative errors, the number of errors in which the animal continued to 
choose the previously rewarded concept following a set shift. The number of broken sets 
was also recorded, which is characterized by an animal making six to nine correct 
responses, then making an error prior to reaching criterion of 10 correct responses.  
Using a linear transformation of standardized scores derived from a principal 
components analysis (PCA), Herndon et al., (1997) determined that the DNMS 
acquisition, 2-minute delay and DRST-spatial were the best predictors of cognitive 
impairment. Using these three tasks, a Cognitive Impairment Index (CII) was generated 
as a measure of overall cognitive ability. The distribution of CII scores was plotted 
against the mean score of young unimpaired animals. Therefore, animals with a standard 
deviation greater than 2 are categorized as highly cognitively impaired. For the individual 
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studies within this dissertation, the biological variables being investigated were correlated 
with performance on specific behavioral tasks, in addition to the CII score as a measure 
of global cognitive ability.  
While the individual tasks used in this cognitive battery have largely been 
characterized as assessments of a cognitive domain associated with specific brain 
structures, it is important to consider the interconnected nature of the brain. Therefore, 
cognitive performance on tasks such as DNMS and DRST which involve the 
hippocampus are also likely contributed to by other structures via direct and indirect 
connections to multiple brain regions such as the amygdala, entorhinal cortex, cingulate 
cortex, and prefrontal cortex (Aggleton et al., 2015; Rosene & Van Hoesen, 1977; 
Saunders et al., 1988). Furthermore, the CSST is primarily considered a test of executive 
function, largely implicating the prefrontal cortex. However, given the multiple aspects of 
cognition assessed in this tasks, including acquisition, rule learning, set-shifting, and 
response suppression, it is likely that other cortical areas such as the hippocampus and 
entorhinal cortex are also involved, further emphasizing the pathways connecting these 
regions. Therefore, the CII score can be a useful index of overall cognitive functioning of 
structures in the brain and the white matter connections between these regions.  
Approach of the Dissertation 
The overall goal of this dissertation is to investigate age-related changes in adult 
neurogenesis and oligodendrogenesis, and to whether alterations in these biological 
processes contribute to age-related cognitive decline.   
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In Chapter II, age-related changes in cell proliferation and adult neurogenesis 
were determined in the Subgranular Zone (SGZ) of the hippocampal Dentate Gyrus 
(DG). The study aims to quantify the age-related decrease in proliferating cells as 
measured by the endogenous cell cycle marker Ki-67, and the exogenous marker 
Bromodeoxyuridine (BrdU). Cell counts were also conducted for immature neurons as 
determined by expression of the immature neuronal marker Doublecortin (DCX). Further 
investigation using multi-label fluorescence immunohistochemistry and confocal 
microscopy combined the BrdU and DCX markers with an additional mature neuronal 
marker, NeuN to track the progressive maturation of these newly generated cells. These 
analyses were conducted on tissue from 42 rhesus monkeys ranging in age from 6.1 to 
31.5 years old. Quantification of these cell populations were also correlated with CII 
scores and performance on behavioral tasks to examine the potential contribution to 
cognitive function.  
In Chapter III, the origin, cellular identity, and age-related change of immature 
neurons was investigated in the temporal lobe cortex. Immunohistochemical processing 
of temporal lobe tissue was used in a smaller cohort of 8 animals ranging in age from 6.9 
to 30.29 years old. This study quantified DCX expressing immature neurons in the 
amygdala, entorhinal cortex, anterior parahippocampal gyrus, anterior inferotemporal 
gyus, posterior parahippocampal gyrus, and posterior inferotemporal gyrus. DCX Co-
localization with the proliferation marker BrdU was also performed to determine the 
temporal origin of the immature cortical neurons. Further analysis was conducted with 
multi-label fluorescence immunohistochemistry using DCX in combination with 
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excitatory (CaMKII) and inhibitory markers (GAD67), in addition to markers for calcium 
binding proteins (Parvalbumin, Calbindin, and Calretinin). The goal of this study was to 
determine if cortical immature neurons were adult generated, the eventual cellular 
identity of these cells, and whether the population of immature neurons changed with 
age.  
In Chapter IV, the focus from a neuron-centric view of aging and cognitive 
decline is switched to an emphasis on the role oligodendrocytes in the adult brain. The 
goal of this study was to examine the age-related change in oligodendrogensis and the 
contribution to cognition function. Analyses were conducted in two white matter tracts in 
the brain- the corpus callosum and the cingulum bundle. Each tract was divided into an 
anterior and posterior aspect for comparisons along the rostral-caudal axis of the brain. 
Tissue from 29 animals was used ranging in age from 7.6 to 27.5 years old. This study 
used a combination of techniques including immunohistochemistry and stereology to 
quantify the population of oligodendrocyte precursor cells (OPCs) and mature 
myelinating oligodendrocytes (OLs). Further analysis was conducted with MRI diffusion 
imaging to assess the overall number of white matter connections, and integrity of the 
myelin sheaths. Final analysis was conducted using Proteomic Mass Spectrometry of 
cerebral spinal fluid (CSF) to investigate proteins in the systemic environment of aged 
and cognitively impaired animals.  
In Chapter V, the overall conclusions of the studies in this dissertation are 
discussed. The potential relationships between adult neurogenesis and 
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oligodendrogenesis to cognitive function during aging are discussed, in addition to areas 
for further investigation.  
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CHAPTER TWO  
Adult Neurogenesis And Associations with Cognitive Impairments 
Abstract 
 The generation of new neurons in the adult mammalian brain is well established 
for the hippocampal dentate gyrus.  However, the role of neurogenesis in hippocampal 
function and cognition, how it changes in aging, and the mechanisms underlying this are 
yet to be elucidated in the monkey brain.  To address this, we investigated adult 
neurogenesis in the dentate gyrus of 42 rhesus monkeys (39 cognitively tested) ranging in 
age from young adult to the elderly. We report here that there is an age-related decline in 
proliferation and a delayed development of adult neuronal phenotype.  Additionally, we 
show that many of the new neurons survive throughout the lifetime of the animal and 
may contribute to a modest increase in total neuron number in the granule cell layer of 
the dentate gyrus over the adult life span. Lastly, we find that measures of decreased 
adult neurogenesis are only modestly predictive of age-related cognitive impairment. 
Introduction 
 The hippocampus is critical for cognitive functions, particularly for the processes 
of learning and memory (Squire, 1992). Early studies on the functional role of the 
hippocampus were based on the classical case of patient H.M. who developed a severe 
anterograde amnesia following the bilateral removal of the medial temporal lobe to 
reduce epileptic seizures (Scoville & Milner 1957). Further neuropsychological 
assessments on H.M demonstrated that the medial temporal lobe was necessary 
	  	  
24 
specifically for declarative memory formation, while other intellectual functions 
remained largely intact (Corkin, 1984; Milner, 1966, 1972).   
While the medial temporal lobe contains other anatomical structures that were 
damaged in H.M.’s surgery (Corkin et al., 1997), data from other studies (Penfield & 
Milner, 1958) and other domains (e.g. Alzheimer’s) continue to point to components of 
the hippocampal formation as critical for declarative and episodic memory. Within the 
hippocampal formation, information is processed through the classic “trisynaptic circuit”. 
The dentate gyrus (DG) stands at the start of this circuit receiving, via the perforant path, 
cortical inputs from the entorhinal cortex (EC) (McNaughton & Morris, 1987). The 
medial EC provides spatial information, and the lateral EC conveys non-spatial 
information (Hargreaves et al., 2005; van Strien et al., 2009). Mossy fibers from the DG 
project to the CA3 subfield of the hippocampus, where the Schafer collaterals then 
project to the CA1 subfield. Output from the hippocampus consists of CA1 projections 
both directly to cortical and subcortical targets, as well as to the adjacent Subiculum, 
which gives rise to cortical and subcortical projections (Morris, 2006). Hence the DG 
stands as the gateway into this trisynaptic circuit.  
Studies examining the functional role of the DG in rodents have demonstrated the 
DG (specifically the dorsal DG, dDG) to be critical for conjunctive encoding of multiple 
sensory inputs, spatial and contextual pattern separation, and temporal integration of 
remote memory (for review, see Kesner, 2013). Pattern separation, which involves the 
ability to distinguish cues when they are spatially and temporally similar, has been shown 
to be the keystone of hippocampal learning, important for recollection and episodic 
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memory. This has been elucidated by lesion studies in rodents. Gilbert et al., (2001) 
revealed that rats with dDG lesions were significantly impaired at short spatial 
separations when performing a pattern separation task. In another study using a place 
preference procedure in an eight-arm maze, rats with dDG lesions required significantly 
more trials in spatially adjacent conditions, again demonstrating the importance of the 
dDG in spatial pattern separation (Morris et al., 2012). It is thought that the DG is 
necessary for pattern separation, and that the DG to CA3 connection plays a crucial role 
in this feature of hippocampal function. 
Much less is known about the specific hippocampal subfield functions in humans 
and non-human primates (NHP), although studies have reported that the DG may also be 
important for pattern separation in primates.  Studies in humans using high-resolution 
functional magnetic resonance imaging have reported that the CA3/DG regions play a 
role in pattern separation (Bakker et al., 2008). Similarly, also using functional MRI, 
Yassa, et al.,  (2011) demonstrated a functional deficit in CA3/DG activity in older adults 
compared with young adults during a pattern separation task. These results reflect similar 
findings to rodent lesion studies, requiring more highly dissimilar items for successful 
differentiation between previously identified items.  
A unique feature of the DG is the presence of adult neurogenesis in the 
subgranular zone (SGZ); adult generated cells differentiate into granule neurons of the 
DG.  Since the first evidence of adult neurogenesis in the postnatal rat hippocampus by 
Altman & Das, (1965), adult neurogenesis has been well characterized in the DG of 
rodents (Cameron & Mckay, 2001; Kaplan & Hinds, 1977; Kempermann et al., 1997; 
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Kuhn et al., 1996), with more recent studies investigating the functional role of adult-
generated neurons. For example, electrophysiological studies of adult neurogenesis have 
demonstrated that adult-born neurons are first functionally silent, but become 
hyperexcitable during the immature phase. Once a mature phenotype is expressed, they 
are physiologically indistinguishable from surrounding granule cells (Aimone et al., 
2010). Other investigations of the functional contribution of adult neurogenesis have used 
low-dose irradiation to arrest production of newborn neurons in the DG of mice and 
shown that pattern separation tasks are impaired (Clelland et al., 2009). Transgenic 
mouse models have also been used to transiently reduce the number of adult-born 
neurons in a temporally regulated manner. Deng et al., (2009) used this approach in mice 
with a conditional knockout on the nestin promoter, to demonstrate that a reduced 
number of immature neurons impaired performance on the Morris Water Maze task and 
in contextual fear extinction. Overall, these findings suggest that adult-born neurons 
contribute to hippocampal-dependent cognitive tasks.  
While these findings in rodents raise the intriguing prospect that adult 
neurogenesis plays an important functional role in hippocampal function, we know much 
less about these processes in human and NHPs. A seminal study by Eriksson et al., 
(1998) first demonstrated the existence of human adult hippocampal neurogenesis. Since 
then, additional human studies have provided supplemental evidence that newly 
generated neurons are present in the hippocampus (Knoth et al., 2010; Spalding et al., 
2013). In the NHP, adult neurogenesis has been shown to occur in the hippocampus 
(Gould et al., 1999; Kornack & Rakic, 1999; Ngwenya et al., 2006). Similar to rodents, 
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adult generated neurons in the NHP undergo a maturation process that recapitulates that 
seen in development (Ngwenya et al., 2006).  However, in rodents, the maturation 
process for new neurons takes approximately one month, whereas in primates, it has been 
demonstrated that the maturation process can take in excess of three (Ngwenya et al., 
2006), and potentially as long as six months (Kohler et al., 2011).  
Another critical question regarding adult neurogenesis is how the process changes 
across the adult life span. In rodents, it has been shown that adult neurogenesis in the 
hippocampus persists into old age but undergoes progressive declines (Kuhn et al., 1996; 
McDonald & Wojtowicz, 2005; Seki, 2002). In NHPs, studies that include aged animals 
also demonstrate the presence of an age-related decline in neurogenesis (Aizawa et al., 
2011; Gould et al., 1999; Leuner et al., 2007). Furthermore, studies in humans have 
demonstrated hippocampal neurogenesis also persists into old age along with an age-
related decline (Knoth et al., 2010). Recent carbon dating of hippocampal cells in human 
brain has shown that the decline in turnover with aging is 4-fold between 16 years of age 
and 91 years of age (Spalding et al., 2013), compared to published rodent data showing a 
10-fold decline in neurogenesis from 2 to 9 months of age in mice (Ben Abdallah et al., 
2010). In primates, the details of the decline in neurogenesis with aging and the longevity 
of newly generated neurons have not been fully elucidated. 
As adult neurogenesis decreases exponentially with age, attention has been 
focused on the role of adult neurogenesis in age-dependent cognitive functions. In 
monkeys, age-related declines in cognitive function are well documented, but the cause is 
not entirely clear.  Since monkeys do not show Alzheimer’s disease pathology and 
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cortical neurons are not significantly lost with aging, the search for other substrates has 
focused on white matter pathology (Peters et al., 1996) and on cortical neurophysiology 
(Luebke et al., 2004). While both age-related pathologies correlate with various aspects 
of cognitive decline, the possible contribution of declining neurogenesis in the DG is 
unknown. This field of research has been encouraged by rodent studies showing that 
aging results in a decline of neural progenitor cells and neurogenesis with correlations 
with cognitive function (Drapeau et al., 2003; van Praag et al., 2005). However the 
current data are not consistent with a potential casual link as other studies have 
demonstrated no relationship, or inverse relationships between cell proliferation or adult 
neurogenesis and cognitive performance (Bizon & Gallagher, 2003; Gallagher et al., 
2003; Merrill et al.,  2003). 
Here we address the questions of declining neurogenesis, maturation and 
longevity of newly created neurons, and relationship to cognitive function with aging in a 
cohort of 42 behaviorally tested rhesus monkeys. Specifically, we used animals of both 
sexes and ages that cover the adult life span ranging from 6.1 to 31.5 years of age 
(equivalent to 18 to 93 year old humans). To evaluate cell proliferation, we used the 
endogenous marker Ki-67 to identify cells in the cell cycle, and the exogenous marker 
bromodeoxyuridine (BrdU) to label cells during S-phase (Cameron & Mckay, 2001; 
Gerdes et al., 1984; Gratzner, 1982; Kee et al., 2002; Miller & Nowakowski, 1988).  To 
assess the long-term survival of adult generated neurons, we varied the interval between 
BrdU injection and tissue harvest from 3 weeks to 1.5 years. Although BrdU and Ki-67 
both provide information on proliferative capacity they do not distinguish between adult 
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generated neurons and non-neuronal cells such as glia.  To identify cells in the neuronal 
lineage we used antibodies to the protein doublecortin (DCX), which is transiently 
expressed in newly generated neurons and has been used as a marker of adult 
neurogenesis (Brown et al., 2003; Couillard-Despres et al., 2005; Francis et al., 1999; 
Gleeson et al., 1999; Rao & Shetty, 2004).  To assess the maturation and survival of adult 
generated neurons in animals of varying ages, we evaluated the double-labeling of BrdU 
with either DCX or the mature neuronal marker Neuronal Nuclei (NeuN) (Mullen et al., 
1992). Additionally, we used stereological methods to evaluate quantitative changes in 
number and volume of the DG with age.  Here we show that adult neurogenesis persists 
in aging NHP but demonstrates an age-related decline, new neurons are additive to the 
dentate gyrus, and that neurogenesis is not the sole predictor of cognitive decline with 
aging. 
All work for this project has been published in its current form (Ngwenya et al., 
2015).  
Materials and Methods 
Subjects  
A total of 42 adult rhesus monkeys (Macaca mulatta), ranging in age from 6.1-31.5 years, 
were used in this study. Both males and females were included, but stereological analyses 
were conducted only on male subjects to decrease variability. Most animals were part of 
a larger cohort of monkeys used to study the effects of normal aging on cognitive 
function (P01-AG000001) and so were part of multiple other investigations. The 
distribution of all subjects across different experiments is outlined in Table 1. Monkeys 
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were obtained from Yerkes National Primate Research Center (Atlanta, GA), Labs of 
Virginia (Yemassee, SC), or Covance Laboratory (Princeton, NJ). For approximately the 
last year of the animals’ life, they were individually housed in a 12 hour light-dark cycle 
in the Laboratory of Animal Science Care at Boston University School of Medicine. This 
facility is accredited by the Association for the Assessment and Accreditation of 
Laboratory Animal Care and is staffed by licensed veterinarians and trained primate care 
staff.  All procedures followed National Institutes of Health guidelines and were 
approved by Boston University Medical Campus Institutional Animal Care and Use 
Committee. 
BrdU Administration  
Twenty-six animals received a single intraperitoneal injection of 200mg/kg of BrdU 
(Sigma, St. Louis, MO), prepared at a concentration of 15mg/ml, in sterile Tris-buffered 
saline at pH 7.4.  The majority of the animals were perfused three weeks after BrdU 
injection (Table 2), but others that were part of a long-term survival study and were 
perfused at varying times after BrdU injection, as summarized in Table 3.  
Tissue Acquisition  
At the conclusion of the experiment, animals were deeply anesthetized and the brain was 
fixed by transcardial perfusion with either 4% paraformaldehyde, or 1% 
paraformaldehyde and 1.25% glutaraldehyde as previously described (Giannaris & 
Rosene, 2012; Ngwenya et al., 2005). Brains were cryoprotected, flash-frozen, and stored 
at –80 ºC until processed (Rosene et al., 1986). One hemisphere per animal was sectioned 
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in the coronal plate into ten interrupted series, one of which was slide mounted and Nissl 
stained with 0.05% thionin.  Other series were placed into cryoprotectant and stored at  –
80 ºC until batch processed for immunohistochemistry as described below and in detail 
by Giannaris & Rosene, (2012).   
Batch Processing and Immunohistochemistry  
For batch processing, series of cut sections from all relevant subjects were removed 
together from -80° C storage, thawed at room temperature and rinsed in buffer.  All 
sections were processed together using the same batch of reagents to minimize the 
possibility of procedural variance. The number of tissue sections used was determined by 
pilot experiments to calculate the average number of sections necessary for examination 
of the minimum number of cells.  
Immunohistochemistry protocols were optimized for each reagent as in Hoffmann 
et al., (2008). For diaminobenzidine (DAB) immunohistochemistry, all sections were 
quenched of peroxidases, blocked in serum, then incubated in appropriate primary 
antibody overnight.  Sections were washed, incubated in biotinylated secondary antibody 
and treated with a biotin-avidin complex (Vector Elite Kit; Vector Labs, Burlingame, 
CA). They were then incubated with diaminobenzidine (DAB; Sigma) and developed 
with H2O2 (1%). Sections were subsequently mounted onto glass slides and coverslipped.   
For Ki-67 immunohistochemistry, a series of every 10th section spaced at 300 µm 
throughout the hippocampus from 11 selected cases were batch processed to assess cell 
proliferation. Primary antibody incubation was for 48 hours with mouse anti-Ki-67 
(1:200; Vector Labs).  
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For BrdU immunohistochemistry, a series of every 20th section spaced at 600 µm 
throughout the entirety of the hippocampus from 13 cases were processed as previously 
described (Ngwenya et al., 2005). Sections were pretreated with 2N HCl to allow access 
to the antigen, and tissue was incubated with mouse anti-BrdU primary antibody (1:200; 
Chemicon, Temecula, CA). 
For DCX immunohistochemistry, a series of every 40th section spaced at 1200 µm 
throughout the hippocampus from 12 cases were used and sections were post-fixed in 4% 
Paraformaldehyde + 2.5% Acrolein for 10 minutes, rinsed for 20 minutes in sodium 
borohydride, and then incubated in primary antibody (rabbit anti-DCX; 1:10,000; Cell 
Signaling, Danvers, MA) for 72 hours. 
Stereological Analysis of DAB Labeled Cells  
Labeled cells were identified using a 60x objective on a Nikon E600 series microscope 
(Nikon; Melville, NY), equipped with a motorized stage, and controlled by 
StereoInvestigator software (MicroBrightField; Williston, VT). The estimated total 
number of cells was obtained for the granule cell layer and hilus with the operator blind 
to subject age and cognitive ability using an exhaustive sampling scheme as previously 
described (Ngwenya et al., 2005). Numbers (N) were calculated using the optical 
fractionator where N=Q x 1/asf x 1/ssf x 1/tsf, as in West, et al (1991). This counting 
scheme was used for the estimated total number of Ki-67, BrdU, and DCX labeled cells.  
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Double-label Immunofluorescence for BrdU and Maturation Markers  
BrdU and NeuN immunohistochemistry was conducted using a series of every 10th 
section spaced at 300 µm throughout the hippocampus from 10 cases with BrdU survival 
times ranging from 43 to 83 weeks was processed for double-labeling (Table 3). For 
primary incubation, tissue was treated with a pooled solution containing antibodies for 
BrdU (rat anti-BrdU;1:200; Accurate Chemical, Westbury, NY) and NeuN (mouse anti-
NeuN; 1:200; Chemicon) for 72 hours. Sections were then washed, incubated with pooled 
highly cross-adsorbed secondary antibodies (anti-rat Alexa Fluor 488; and anti-mouse 
Alexa Fluor 568, both 1:250; Life Technologies, Grand Island, NY).  Sections were then 
mounted onto slides and coverslipped with PVA-DABCO (Sigma).  For BrdU and DCX 
immunohistochemistry, a series of every 20th section spaced at 600 µm throughout the 
entirety of the hippocampus from 13 cases with BrdU survival times ranging from 13 to 
43 weeks were processed for double-labeling (Table 3). Batch processing for BrdU and 
DCX immunofluorescence was conducted using a sequential protocol rather than pooled 
antibody solution as the DCX signal is less robust in that age range. Sections were first 
processed for BrdU with incubation in primary antibody (mouse anti-BrdU, 1:200; 
Chemicon,), then incubation in secondary antibody (anti-mouse Alexa Fluor 488; 1:200; 
Life Technologies). Tissue processing continued for DCX with incubation in primary 
antibody  (rabbit anti-DCX; 1:300; Cell Signaling) and secondary antibody (anti-rabbit 
Alexa Fluor 568; 1:1000; Life Technologies). Finally, tissue was processed with 
Autofluorescence Eliminator (Millipore, Billerica, MA), mounted onto slides and 
coverslipped with PVA-DABCO (Sigma; St. Louis, MO).  
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Confocal Analysis of Double Label Immunofluorescence   
Confirmation of double labeling for BrdU-NeuN and BrdU-DCX was performed using 
optimal slice z-stack analysis on a Zeiss Laser Scanning Confocal Microscope (Zeiss 
LSM710; Carl Zeiss Microimaging).  For each set of double stained sections, the 
percentage of double-labeled cells was calculated by examining the number of BrdU 
labeled cells that was double labeled with the neuronal marker, divided by the total 
number of BrdU labeled cells present (both double and single labeled). In animals with 
long times from BrdU administration to tissue harvest, BrdU labeled cells were often 
sparse.  A minimum of 20 BrdU positive cells was required per animal to be included in 
analysis of double labeling.  
Stereological Analysis of Hippocampal Volumes and Granule Cell Numbers  
A series of every fifth Nissl stained section spaced at 1500 µm throughout the 
hippocampal formation from 18 male rhesus monkeys were analyzed for stereologic 
estimation of total neuron number. Sections were blind coded and counted using the 
optical fractionator method (West et al., 1991) with a 100X objective on a Nikon E600 
microscope equipped with a Q-Imaging digital camera and ASI MS-2000 motorized 
stage controlled by Bioquant Stereology Toolkit (version 6.75.10; Bioquant Image 
Analysis Corporation, Nashville TN). Hippocampal regions of interest (ROI) were 
outlined using a 2x objective.  Then neurons in the granule cell layer were counted using 
the100x oil immersion objective with the granule cell nucleolus as the counting object.  A 
sampling grid size of 300µm x 300µm was placed randomly over the granule cell ROI to 
position the 10µm x 10µm counting frame in xy with a 1 µm z-axis guard volume. 
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Nucleoli in the granule cell layer were only counted when the nucleus, and at least a 
portion of the cell body to which the nucleolus belonged, could be identified.  This 
assured that nucleoli of glial nuclei that may reside in the granule cell layer were not 
counted, and additionally assured that each neuron was only counted once. Neurons with 
multiple nucleoli were not observed.  Similar to BrdU stereology, the estimated total 
number of cells was calculated using N=Q x 1/asf x 1/ssf x 1/tsf, as in West et al., (1991). 
Volume estimates were obtained by planimetry and by the Cavalieri principle utilizing 
Vref=T x ∑A1-n (H. Gundersen & Jensen, 1987) for the total dentate gyrus and for the 
remainder of the hippocampus (that volume which excluded the dentate gyrus).  The 
coefficient of error was calculated as in (Gundersen et al., 1999) and was 0.1 or less for 
all cell counts and volume measurements. 
Cognitive Testing  
Thirty-nine of the 42 animals were assessed on tests of learning, memory and executive 
function, including Delayed Non-Match to Sample (DNMS), Delayed Recognition Span 
Test (DRST), and Category Set-Shifting Task (CSST).  DNMS and DRST were assessed 
in a Wisconsin General Testing Apparatus and CSST was assessed in an automated 
testing box.  These tasks have been detailed in previous studies and are described briefly 
below (Herndon et al., 1997; Moore et al., 2005; Moss, 1993).  
DNMS Rule Learning:  The DNMS task is a benchmark recognition memory task that 
assesses the subject’s ability to distinguish a novel from a familiar stimulus after a 
specific delay interval (Herndon et al., 1997). The acquisition portion of DNMS assesses 
rule learning and was conducted by placing a reinforcer, such as an M&M/raisin/peanut, 
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in the center well of a testing board under a sample object. The monkey was required to 
displace the sample object to obtain the reinforcer.  The sample object was then placed 
over one of the two lateral (unbaited) wells, and a new, unfamiliar object was placed over 
the other lateral well which was baited with a reinforcer. After a 10 second interval, the 
monkey was given a recognition trial to choose between the two objects and was 
rewarded for choosing the unfamiliar, novel object. Testing continued with 10 trials a day 
until criterion for learning this non-match rule was accomplished by the monkey 
completing 90 correct responses in 100 consecutive trials. Different forms of the DNMS 
task have been used to assess memory function in monkeys following specific lesions 
within the temporal lobe limbic system (Alvarez et al., 1995; Gaffan, 1974; Mahut et al., 
1982).  
DNMS Recognition Memory:  Following acquisition of the DNMS non-match rule, the 
delay interval between the sample presentation and the recognition choice was increased 
from 10 seconds to 2 minutes to measure memory over this delay.  After 100 trials with 
the 2 minute delay  (10 trials per day for 10 days), the monkey was tested for another 100 
trials (10 trials per day for 10 days) with a 10 minute delay.  
DRST Working Memory Capacity:  Following DNMS testing, monkeys were tested on 
DRST to assess short-term working memory capacity in two different domains - spatial 
memory and object memory. Testing in the spatial domain consisted of baiting one well 
in an 18 well board (3 X 6) with a reinforcer and then covering the baited well with a 
plain disc. The monkey then displaced the disc to retrieve the reward. A door was then 
lowered and the first disc was placed back in the initial location and a new well, in a 
	  	  
37 
pseudo random location was baited and covered with a second identical disc. The door 
was then raised and the monkey was rewarded for identifying the new location and 
displacing the second disc.  If an error was made, the trial was ended and a span of 1 was 
recorded. If the trial was successful, then both of the first and second discs were returned 
to their original locations and a new well was baited and covered with a third disc. The 
monkey was then allowed to obtain a reward by displacing the new disc based on its 
novel location.  Trials continued in this way until the monkey made an error, which 
ended the trial and the span score was determined by the total number of discs the animal 
identified correctly by novel spatial location. Each day a total of 10 trials were presented.  
Testing continued at 10 trials per day until 100 trials were completed. The next day the 
DRST object test was initiated. While similar to the spatial condition, in this case wells 
were covered with unique objects rather than identical discs and spatial location was 
randomized for all stages. Thus after the monkey displaced the first object and obtained 
the reinforcer, the first object was placed over a randomly located, unbaited well and a 
second well was baited and covered with a novel object. The monkey was rewarded for 
choosing the novel object. This procedure of repositioning all previously presented 
objects on the testing board while adding a new object over the next baited well 
continued until the monkey made an error by failing to choose the novel, baited object. 
Again a total of 100 trials were administered at 10 trials per day. DRST was originally 
designed to investigate recognition memory in monkeys following bilateral removal of 
the hippocampus, but has also been used as an assessment of recognition memory in 
human populations (Inouye et al., 1993; Moss et al., 1986).  
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CSST Assessment of Executive Function:  The CSST is modified from the Wisconsin 
Card Sorting Task (WCST), which is used as an assessment of executive function in 
humans. CSST was administered in an automated testing apparatus (Moore et al., 2005). 
Animals were first trained to touch one of nine locations on a touch screen to get a 
reward. Subsequently, on each trial, three different objects that differed in color (red, 
green or blue) and shape (triangle, star and square) appeared in random locations. The 
initial test required the subject to learn to touch a red object, regardless of its shape, to 
receive a reward.  Animals were given 80 trials per day, with an inter-trial interval of 15 
seconds.  Once the animal reached a criterion of 10 consecutive correct trials, the reward 
criterion shifted to a new category, the shape of triangle, which was rewarded regardless 
of color.  The test continued in this manner until the criterion of 10 correct responses was 
reached and then the category switched to the reward contingency of blue regardless of 
shape. The final switch was then to star regardless of color.  The number of errors to 
criterion was recorded for each category.  After a switch occurred, the number of errors 
in which the animal continued to choose the previously rewarded concept was recorded 
as perseverative errors. When an animal made six to nine correct responses, but then 
made an error prior to reaching criterion of 10 correct responses, a broken set was 
recorded.  
Statistical Analysis  
All statistics were done using SPSS v20.0 for Macintosh (SPSS Inc, Chicago, IL).  Initial 
analysis of all data included confirmation that the relationships between parameters were 
linear, and that the data did not violate the assumptions of linearity, equal variances, or 
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normality. Linear and stepwise multiple regression was done utilizing a least-squares-fit 
approach and two-tailed statistics with significance defined at a p value of less than 0.05.   
Results 
Proliferative Capacity Decreases in the Aging Monkey  
Eleven monkeys, aged 7.9 to 29.6, were processed for Ki-67 immunohistochemistry to 
identify the number of cells in the cell cycle as an assay of proliferative activity in the 
dentate gyrus (Table 1).  The total number of Ki-67 positive cells in the dentate gyrus 
was quantified using stereology. As shown in Figure 1A, Pearson’s correlational showed 
a significant decrease in proliferative capacity with age with r = -0.910, p < 0.01.  
Thirteen monkeys, aged 6.9 to 24.5 (Table 1), were injected with a single injection of 
bromodeoxyuridine (BrdU) three weeks before perfusion-fixation of the brain.   As 
shown in Figure 1B, stereological counts of the number of BrdU+ cells in the dentate 
gyrus revealed a significant decrease in the number of BrdU+ cells with age (r = -0.614, p 
= 0.025).  Together, these results demonstrate that both the total proliferative capacity 
and 3-week survival of adult generated cells in the dentate gyrus decline significantly 
with age.  Nevertheless, it is worth noting that proliferative cells were detected even in 
the oldest animals examined. 
Immature Neuron Production Declines with Age  
Twelve monkeys aged 6.9 to 24.5 years (Table 1) were processed for the immature 
neuronal marker DCX.  As shown in Figure 2A and B, DCX positive cells with features 
of immature neurons were seen in the granule cell layer of the dentate gyrus in both 
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young and old monkeys.  As shown in Figure 2C, stereological analysis showed a 
significant decrease in the number of DCX immunopositive cells with age (r = -0.661, p 
= 0.019).  
Newly Created Neurons Show Prolonged Maturation 
To determine how long it takes immature neurons to show mature phenotype and how 
long they can survive, 10 young and 12 old monkeys were injected with a single dose of 
BrdU and perfused at varying time points ranging from 3 weeks to 83 weeks as shown in 
Table 3.  Analysis of labeled cells revealed that young and old animals had BrdU positive 
cells that double-labeled with immature neuronal marker DCX, with the majority of the 
double-labeled cells being located in the GCL (Figure 3A, B, E, F). At 3 weeks, BrdU 
cells double-labeled with DCX were seen in young animals, but none were present in 
older animals (Figure 3B, F; n=4). However, BrdU/DCX double-labeled cells were seen 
in an aged animal at 23 weeks, thus the integration process may be delayed in older 
animals.  At BrdU time points of greater than 43 weeks, BrdU labeled cells double-
labeled with mature neuronal marker NeuN were present in the GCL of both young and 
aged animals (Figure 3C,D, G).  Although the oldest animals demonstrated newly 
generated cells that showed neuronal morphology at greater than 43 weeks, aged animals 
had consistently lower percentages of BrdU/NeuN double-labeled neurons (Table 3; 
Figure 3H; r=-0.645, p=0.044).  
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Increases In Granule Cell Numbers And Volume with Age   
Stereology was used to determine whether ongoing adult neurogenesis leads to an 
increase in cell number with age. The total number of granule cells as well as the volume 
of the dentate gyrus and the remainder of the hippocampus was examined in 18 male 
rhesus monkeys ranging from 6.1 to 31.5 years of age (Table 1), with regions of interests 
established for the granule cell layer (GCL) and the hilus of the dentate gyrus (the 
polymorphic cell area within the blades of the GCL) as illustrated in Figure 4.  Results 
demonstrate that granule cell numbers significantly increase over the lifespan of the 
rhesus monkey  (r = 0.513, p = 0.029; Figure 5A).  There was also an age-related increase 
in the volume of the total dentate gyrus (r = 0.530, p = 0.024; Figure 5B), while the 
volume of the remainder of the hippocampus remained stable with age (r = 0.290, p = 
0.242; Figure 5C).  
Age-Related Changes In Neurogenesis and Correlations with Cognitive Decline  
Consistent with other studies on cognitive aging in rhesus monkeys, we found an age-
related decline in cognitive function as illustrated in Figure 6.  Aged animals had fewer 
correct responses on the 10-min delay DNMS task, and had shorter spans on both DRST 
spatial and object tasks (Figure 6A-C).  Aged animals also required more trials to reach 
criterion on the initial abstraction of CSST and had an increased total number of broken 
sets and more perseverative errors (Figure 6D-F). When CSST analysis was limited to the 
cohort of animals that had histological results, the relationships between age and trials to 
initial abstraction (r = 0.751, p = 0.001), total broken sets (r = 0.848, p < 0.001), and total 
preservative errors (r = 0.674, p = 0.006) were all significant. 
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Correlational analysis between these CSST cognitive measures and measures of 
cell proliferation and neurogenesis, revealed a significant association with performance 
on the CSST (Figure 7A).   The total number of BrdU positive cells in the dentate gyrus 
after a 3 week survival correlated strongly with the initial learning of the CSST (Figure 
7B; r=-0.734, p=0.016).  The total number of broken sets also showed an inverse 
relationship with age and BrdU (Figure 7C; r=-0.741, p=0.014).  While the total number 
of perseverative errors was strongly correlated with age in the total behavioral cohort, the 
relationship to BrdU cell number only approached significance (Figure 7D; r=-0.550, 
p=0.100).  
Further analysis using stepwise multiple regression among age, BrdU number at 3 
weeks survival, and CSST results, revealed that age was the strongest predictor of CSST 
performance (p = 0.009). Whereas age accounted for 59% of the variance in CSST 
results, total BrdU numbers accounted for only 6% of the variance, which was not 
significant (p=0.529). No significant correlations were found between any of the other 
histological measures (e.g. DCX cell number, or total number of DG cells) and the other 
cognitive tasks (data not shown). 
Discussion 
Summary of Results  
Consistent with previous data showing an age-related decline in hippocampal 
neurogenesis, this study demonstrates a 68% decline in Ki-67 labeled proliferating cells, 
and a 53% decline in BrdU labeled S-phase cells. In addition to these declines, multiple 
labeling with markers of both immature and mature neurons suggests that maturation of 
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new neurons is prolonged in the aged monkey, but approaches similar percentages of 
mature new neurons with an average of 48% of BrdU labeled cells co-localized with 
NeuN after 48 weeks in the young animals, and 36% of BrdU labeled cells co-localized 
with NeuN after 45 weeks in aged animals. The quantitative 41% increase in the number 
of granule cells with age suggests that neurogenesis results in a gradual addition of new 
neurons throughout the lifespan. Finally, while there was no significant correlations 
between markers of adult neurogenesis and a global measure of age-related decline in 
learning it remains to be determined if tasks more specific to the dentate gyrus might 
reveal a relationship.  
Declines In Neurogenesis with Age  
Declines in hippocampal neurogenesis with aging have been well established in rodents 
(Kuhn et al., 1996; McDonald & Wojtowicz, 2005; Morgenstern et al., 2008; Rao et al., 
2006; Seki, 2002). McDonald & Wojtowicz, (2005) demonstrated a 92% reduction in the 
number of cells labeled by BrdU between rats at 38 days of age compared to rats at 12 
months of age.  Similarly, Rao et al., (2006) reported a decline in BrdU labeling of 80%, 
and a corresponding decline in Ki-67 labeling of 85% between young and old Fischer 344 
rats. Studies in primates addressing changes in neurogenesis with age are more limited. In 
a study of 7 cynomolgus monkeys, Aizawa, et al., (2009) demonstrated an age-related 
decrease in Ki-67 labeled cells of 80%. Leuner et al., (2007) used a BrdU paradigm 
similar to that used here (single injection of 200mg/kg with a survival time of 3 weeks) 
and reported an age-related decline of BrdU labeled cells in the GCL of about 47% 
comparing young and middle-aged common marmosets. The present data in rhesus 
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monkeys shows declines that are far less severe than those reported in rodents with 
declines across the life span (7 to 25 years of age) of 68% in Ki-67 labeling of 
proliferating cells and 53% in BrdU (3-week survival) labeling of DNA replication 
(Figure 1). Similarly, in humans, carbon dating based on isotopes generated between 
1955-1963 by above ground nuclear testing reported that hippocampal neurogenesis 
continues into old age without significant decline (Spalding et al., 2013). Overall, 
published studies and the present data confirm that cell proliferation declines with aging, 
but that this decline may be less severe than that observed in rodents.  
Maturation Of New Neurons Is Prolonged In Primates  
Studies in aged rodents report a delay in neuronal maturation. In rats, Rao and colleagues 
reported a delay in migration and maturation of newly created neurons with aging (Rao et 
al., 2005; Rao et al., 2006).  Despite the delay, they found that a similar percentage of 
cells eventually become new neurons in young and aged rats (~73-76%). Interestingly, in 
the present study, at 3 weeks after injection of BrdU, immature neurons (double labeled 
with BrdU and DCX) were present in young animals (n=4) but were absent in aged 
animals (n=4). However, maturing adult generated neurons (BrdU+ and DCX+) were 
present 23 weeks after BrdU injection, our next available time point.  This suggests there 
is an age-related delay in maturation of newly generated neurons in monkeys. It is also 
interesting that in aged monkeys just under one year (~45 weeks) after BrdU injection, 
36% of BrdU labeled cells were mature neurons as indicated by BrdU and NeuN double 
labeling, only slightly less than the 48% of BrdU neurons that were NeuN positive 
after~48 weeks in a young animal. These data provide evidence that similar to the rodent 
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data, newly generated cells eventually become mature neurons at comparable rates in 
both young and aged monkeys (Table 3 and Figure 3). However, since our available time 
points after BrdU injection are not continuous, the precise delay in maturation occurring 
in aging monkeys cannot be determined. 
Adult Generated Neurons Accounts For Increased Granule Cell Number  
Classic studies of adult neurogenesis in rodents reported that newly generated neurons led 
to cumulative increases in granule cell number (Bayer, 1982; Crespo et al., 1986). 
However, these studies examined only juvenile and adult animals and did not explore the 
potential for the ongoing addition of neurons over the entire adult life span. In contrast, 
more recent studies in aged laboratory rodents failed to detect an age-related increase in 
granule cell number (Kempermann et al., 1998; Merrill et al., 2003; Rapp & Gallagher, 
1996; Rasmussen et al., 1996).  But studies comparing young and aged wild bank voles 
and wild wood mice found an increase in the total number of hippocampal granule cells 
of 30-40% (Amrein et al., 2004). In a study of young rhesus monkeys, Jabès et al., (2010) 
report a large increase in neuron number between newborn and 3 months, and a stable 
number of granule cell neurons in 5-10 year old monkeys, but did not examine neuron 
number in animals older than 10.  In contrast, Keuker et al., (2003) used stereology to 
count hippocampal neuron number in a study of rhesus monkeys from newborn to 4 years 
of age compared to aged subjects from 18-31 years of age, and reported no age-related 
loss of granule cells. Interestingly, their data table shows that there were 7.8 million 
neurons in the dentate gyrus granule cell layer of the aged animals, but only 5.6 million in 
their young group, a difference that approached significance at p = 0.06 despite the small 
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sample size (n = 8 young and 5 old). These granule cell numbers constitute an increase 
over the life span of about 39%, which is almost identical to the 41% increase reported in 
the present study.  
  The increase in granule cell numbers over the life span of the monkey suggested 
by our data and that of Keuker et al., (2003) together with the increase over the lifespan 
reported by Amrein et al., (2004) for wild rodents, raises the question of what might be 
different for laboratory rodents where no increase was found.  In this regard, the issue of 
“enriched” versus impoverished environment is pertinent.  It is well established that 
learning and environmental enrichment facilitates adult neurogenesis (Kempermann et 
al., 1997; Kobilo et al., 2011; Tashiro et al., 2007). In this regard, one can speculate that 
the environment for wild rodents is likely to be highly enriched compared to caged 
laboratory rodents.  Similarly, it is important to note that the majority of the monkeys 
studied here were from the Yerkes National Primate Research Center, where they lived 
most of their lives in outdoor social groups in large corrals, an enriched environment 
compared to isolated cages of laboratory rodents. Even after entry into our aging study, 
these monkeys received considerable enrichment in the form of daily cognitive 
behavioral testing.  These forms of enrichment in our monkeys may explain the presence 
of an age-related increase in the numbers of dentate gyrus neurons over the lifespan. 
Additionally, it is interesting that studies of granule cell numbers in human brain 
(Harding et al., 1998; Simić et al., 1997; West, 1993) have not detected an increase in 
granule cell numbers, but have documented large individual differences in granule cell 
numbers.  While humans are unlikely to experience the impoverished environments of 
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laboratory rodents, human environments are likely to be much more variable than 
environmental conditions in national primate centers, perhaps contributing to the large 
variability in granule cell numbers.   
Relationship Between Adult Neurogenesis And Cognitive Decline  
If adult neurons do survive and integrate into the dentate gyrus, the question is whether 
they contribute to normal cognitive performance, and whether the reduction across the 
lifespan contributes to age-related cognitive decline. Interestingly, multiple studies 
conducted in rodents, have reported that adult generated neurons in the granule cell layer 
are important for tasks such as pattern separation, concordant with the role of the dentate 
gyrus in minimizing interference between overlapping spatial or contextual information. 
Ablation of neurogenesis results in impaired performance on spatial discrimination tasks 
when stimuli are presented with little spatial separation (Clelland et al., 2009). 
Additionally, the reduction of adult neurogenesis has been suggested to impair the ability 
of the dentate gyrus to discriminate between temporal contexts, which are important for 
the encoding of episodic memories (Rangel et al., 2014). Moreover, it has been shown 
that enhancement of neurogenesis improves performance on pattern separation tasks 
(Sahay et al., 2011).  
 Aizawa et al., (2009) evaluated learning performance in young and aged 
cynomologus monkeys using the visual pattern discrimination task. In young animals, 
their results demonstrated a positive correlation between levels of Ki-67 cells and 
performance on the task, with further evidence that monkeys with good learning 
performance exhibited higher levels of Ki-67 cells compared to animals with impaired 
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performance. In aged animals, this trend was not observed as there was greater individual 
variability of learning performance.  
In the present study, the correlations with learning were seen with BrdU labeled 
cells that had a three-week survival period, at which time mature neuronal phenotype is 
not expressed. Throughout the maturation process, new neurons progress through 
different stages of maturation characterized by distinct morphological and physiological 
properties. As a result, within the dentate gyrus, the granule cell population includes adult 
generated neurons of different ages, and hence at different stages of maturation (Deng et 
al., 2010). At the early stages of maturation, new neurons have limited branching and few 
connections with other cells (Ngwenya et al., 2006). As maturation proceeds, dendritic 
spines form (Ngwenya et al., 2006) and mossy fiber axons continue to extend towards 
CA3 cells where they begin to make synaptic contacts (Zhao et al., 2008). At about 4 
weeks in mice, new neurons are highly excitable, exhibit a low threshold and high 
spiking activity (Ambrogini et al., 2004; Marin-Burgin et al., 2012; Mongiat et al., 2009). 
By 8 weeks, a mature morphological phenotype is established, hyper-excitability is 
diminished and threshold levels for spiking are similar to mature granule cells (Mongiat 
et al., 2009), suggesting that these adult generated neurons have become fully functional 
granule cells able to contribute to hippocampal information processing.  The maturation 
timeline in the macaque is at least 4 times longer (3 - 6 months) (Kohler et al., 2011; 
Ngwenya et al., 2006) than the rodent  (3 - 6 weeks). Consequently, the present data on 
BrdU numbers at 3 weeks of maturation may not sufficiently reflect functional 
integration into the dentate gyrus circuitry. Similarly, given the prolonged expression of 
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DCX in the monkey, neurons expressing DCX are less than 6 months of age (Kohler et 
al., 2011) and are also unlikely to reflect functional integration.  
In assessing possible relationships between neurogenesis and behavior, the only 
task that showed a significant correlation with indices of neurogenesis was initial learning 
on the CSST (Moore et al., 2005; Moore et al., 2009). This initial abstraction of CSST is 
similar to the visual pattern discrimination task of Aizawa et al., (2009) as both tasks 
require learning a complex, visually distinct category. Moreover, the initial learning on 
the CSST is likely a hippocampal function and it correlated with neurogenesis indices, 
while the subsequent CSST shifts, represented by perseverative errors are thought to be 
dorsolateral prefrontal functions (Moore et al., 2009), and did not significantly correlate. 
It seems likely that a monkey version of the pattern separation task, specifically designed 
to test dentate gyrus function as seen in rodents and humans (Clelland et al., 2009; Yassa 
et al., 2011), might be more sensitive to age-related reductions in neurogenesis. The 
CSST is the task in our battery that is operationally closest to a pattern separation task 
due to the visual similarity and spatial proximity of the objects that have to be chosen. 
Moreover, it is by far the hardest to “learn” compared to the other tests (Fig 7A).  
Nevertheless, it is possible that a task specifically designed as a pattern separation task 
for monkeys would be a better assay for the relationship of cognition to age-related 
decline in neurogenesis. 
While the number of BrdU labeled cells showed some correlation with 
performance on CSST, careful statistical analysis identified age as a stronger predictor of 
performance.  This suggests that although neurogenic proliferation may be important in 
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learning, other factors that change with the age likely also contribute to age-related 
cognitive impairments, i.e. cognitive aging is likely multifactorial. For example, even 
though DNMS and DRST are sensitive experimental damage to the hippocampus, in the 
monkey, the hippocampus is directly connected to multiple brain regions (eg. amygdala, 
entorhinal cortex, cingulate cortex, prefrontal cortex)(Aggleton et al., 2015; Rosene & 
Van Hoesen, 1977; Saunders et al., 1988), structures that likely contribute to performance 
on these tasks. Moreover, published data demonstrates that similar to hippocampal 
lesions, damage to prefrontal cortex in monkeys also impairs performance on DNMS 
(Moore et al., 2012).  The CSST is primarily considered a task of prefrontal cortex 
function, but given the multiple aspects of cognition assessed with this test (e.g. 
acquisition, learning, set-shifting, response suppression), it is likely that other cortical 
areas such as the dentate gyrus, hippocampus, and entorhinal cortex, are also involved in 
CSST performance. Thus the age-related cognitive deficits detected in our behavioral test 
battery likely reflect global changes within the aging brain with declines in neurogenesis 
only one of many factors affecting cognitive aging. 
Conclusions  
This study demonstrates that neurogenesis in the monkey dentate gyrus continues into old 
age, but the rate of neuron generation declines, and neuronal maturation is delayed with 
age.  Despite the diminished generation and delayed maturation, approximately 50% of 
newly generated cells continue to express mature neuronal markers at greater than one 
year in all but the very oldest of monkeys (i.e. those over 20 years of age) where the rate 
may be reduced to 20%.  Analysis of total dentate gyrus granule cell numbers across the 
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life span shows that a proportion of these new neurons survive and add to the 
complement of neurons in the dentate gyrus where there is a modest but steady increase 
in number with age.  While the number of BrdU positive cells labeled after a 3 week 
survival significantly correlates with performance on the initial category learning in a set-
shifting task, age alone is the best predictor of performance, suggesting that multiple 
factors underlie age-related cognitive impairment. Overall, although neurogenesis 
declines with age in the rhesus monkey, many new neurons continue to be generated and 
likely persist in sufficient numbers to contribute to the functioning of the dentate gyrus.  
Based on these results, it will be important to determine how newly generated dentate 
granule cells function in the context of new learning, as conditions which delay or perturb 
adult neurogenesis such as aging, traumatic brain injury, and various stressors including 
psychiatric conditions may benefit from interventions to enhance new neuron generation 
and functional integration.  
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Table 1. All Subjects- Ordered by Age. 	    
Animal ID Age Sex BrdU Survival Time (weeks)
BrdU 
Stereology
Ki-67 
Stereology
DCX 
Stereology
Doubl Label 
IHC
Hippocampal 
Stereology
Cognitive 
Testing
AM010 6.1 M X
AM205 6.3 M X X
AM247 6.9 M 3 X X X
AM245 7.0 M 3 X X X
AM132 7.5 M 3 X X X X
AM093 7.6 M X X
AM128 7.9 M 3 X X X X X X
AM280 8.1 M 38 X X
AM229 8.3 M 14 X X
AM047 9.0 M X X
AM289 9.0 M 28 X X
SM003 9.2 M 82 X X
AM255 9.5 F 72 X X
AM053 9.6 M X X
AM202 10.4 F X X
AM254 11.4 F 48 X X
AM137 12.6 M 3 X X X
AM136 12.6 M 3 X X X X
AM144 14.9 M 3 X X X X
AM143 15.8 M 3 X X X X
AM237 17.6 M 43 X X
AM250 18.0 F 61 X X
AM190 18.1 F X X
AM253 18.4 F 57 X X
AM153 19.5 M 3 X X X X X X
AM133 19.5 M 3 X X X X
AM159 19.8 F X X
AM149 19.8 F X X
AM124 19.9 M 3 X X X X X
AM252 19.9 F 83 X X
AM256 20.7 F 78 X X
AM208 22.7 M 3 X X X X X X
AM236 22.9 M 47 X X
AM242 23.5 M 81 X X
AM179 23.7 F X X
AM189 24.5 M 3 X X X X X
AM070 25.4 M X X
AM110 25.8 M X X X
AM283 26.4 M 23 X X
AM027 27.9 M X X
AM180 29.6 F X X
AM091 31.5 M X X
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Table 2. Males with 3 week BrdU survival time- Ordered by Age. 	    
Animal ID Age       (years) Sex BrdU Surv Time (weeks)
BrdU 
Stereology Ki-67
DCX 
Stereology
Fluorescence 
IHC
Hippocampal 
Stereology
Cognitive 
Testing
AM247 6.9 M 3 X X X
AM245 7.0 M 3 X X X
AM132 7.5 M 3 X X X X
AM128 7.9 M 3 X X X X X X
AM137* 12.6 M 3 X X X
AM136 12.6 M 3 X X X X
AM144 14.9 M 3 X X X X
AM143 15.8 M 3 X X X X
AM153 19.5 M 3 X X X X X X
AM133 19.5 M 3 X X X X
AM124 19.9 M 3 X X X X X
AM208 22.7 M 3 X X X X X X
AM189 24.5 M 3 X X X X X
*Indicates animal that does not have CSST behavioral measures
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Table 3. Animals used for Fluorescence IHC- Ordered by BrdU Survival Time. 	    
Animal ID Age       (years) Sex BrdU Surv Time (weeks)
Cognitive 
Testing
%BrdU+DCX+ 
in GCL
%BrdU+NeuN
+ in GCL
AM247 6.9 M 3 37
AM245 7.0 M 3 31
AM132 7.5 M 3 X 13
AM128 7.9 M 3 X 20
AM153 19.5 M 3 X 0
AM124 19.9 M 3 X 0
AM208 22.7 M 3 X 0
AM189 24.5 M 3 X 0
AM229 8.3 M 14 X 22
AM283 26.4 M 23 X 33
AM289 9.0 M 28 X 11
AM280 8.1 M 38 X 5
AM237 17.6 M 43 X 0 60
AM236 22.9 M 47 X 13
AM254 11.4 F 48 X 48
AM253 18.4 F 57 X 57
AM250 18.0 F 61 X 57
AM255 9.5 F 72 X 52
AM256 20.7 F 78 X 11
AM242 23.5 M 81 X 21
SM003 9.2 M 82 X 66
AM252 19.9 F 83 X 55
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Figure 1. Capacity for neurogenesis declines with age.  
(A) The total number of Ki-67 positive nuclei significantly declines with age. Regression 
analysis predicts a 68% decline in Ki-67 positive cells between a 7 and a 25-year old 
monkey (3-fold change). (B) The total number of BrdU positive cell nuclei that are 
present after a 3-week survival also shows a significant negative correlation with age. 
Regression predicts a 53% decline between ages 7 and 25, which corresponds to a 2-fold 
change in BrdU labeled cells. (C) A photomicrograph illustrates BrdU 
immunohistochemistry with cresyl violet counterstain in the dentate gyrus of a young 
monkey; scale bar = 100µm.  The box represents a cluster of BrdU positive nuclei, which 
is enlarged in (D). (E) Aged animals also show clusters of BrdU positive nuclei as shown 
here.  Scale bar for D, E = 20µm. 
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Figure 2: Total number of DCX cells in the dentate gyrus declines with age.   
More DCX positive cells are seen in the granule cell layer of the dentate gyrus in young 
animals than in old animals. (A) DCX positive cells in a 7.9 yr old animal. (B) DCX 
positive cells in a 24.5 yr old animal. Scale bar for A, B = 20µm. (C) There is a 
significant decline in the number of DCX positive cells present with increasing age. 
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Figure 3: Newly generated neurons identified with DCX and NeuN.  
(A) A BrdU and DCX double-labeled cell in the hilus of the dentate gyrus of a 6.9 yr 
monkey at 3 weeks post BrdU injection.  (B) Most BrdU and DCX positive cells are seen 
in the GCL, as in this 8 yr old monkey with a 38-week survival time.  (C) New mature 
neurons, as labeled with both BrdU and NeuN are seen in the GCL of animals with 
survival times longer than one year, as in this 9.2 year-old animal with an 82-week 
survival time.  (D) Old animals also continue to have survival of new neurons as in this 
19.9 yr old monkey with an 83-week post-BrdU survival time. Scale bars in A-D = 
20µm.  	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Figure 4: Newly generated cells have delayed neuronal maturation in aged animals.  
(A) Immature neurons are sparse in the hilus, especially at longer survival times. (B) The 
majority of BrdU and DCX double-labeled cells are found in the GCL.  Whereas young 
animals average 25% BrdU positive cells express DCX, no immature neurons are seen in 
old animals at 3 weeks. With prolonged survival time in young animals, the percentage of 
BrdU positive DCX double-labeled cells declines, yet in aged animals, BrdU and DCX 
double-labeled cells are just beginning to be seen with longer survival times.  (C) As 
survival times post-BrdU approach one year and beyond, both young and old animals 
show a fairly steady percentage of new mature neurons as seen by percentage of BrdU 
labeled and NeuN double labeled cells in the GCL.  (D) In animals with post-BrdU 
survival times between 43-83 weeks, the percentage of BrdU and NeuN double-labeled 
cells declines with age.  	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Figure 5: Regions of interest for hippocampal stereology.  
The entire rostral-caudal extent of the hippocampus was evaluated. Representative 
schematics (A, C, E, G) and photomicrographs (B, D, F, H) from rostral to caudal thionin 
stained sections are shown. Scale bar = 1mm. The granule cell layer (GCL), molecular 
layer (ML), and hilus of the dentate gyrus were analyzed separately and defined as 
outlined.  For consistency of ROI, the hilus was defined as that area in between the blades 
of the granule cell layer.  The “remainder of the hippocampus” included that area which 
represents CA3, CA2, and CA1, as outlined. 
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Figure 6: Stereological analysis of dentate gyrus shows increases with age.  
(A) The estimated total number of granule cell neurons in the hippocampal dentate gyrus 
increases over the lifespan of the rhesus monkey.  This corresponds to a volume increase 
in the dentate gyrus (B).  However, the remainder of the hippocampus, which includes 
non-neurogenic CA3, CA2, and CA1 does not show a corresponding increase with age 
(C). 
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Figure 7: Cognitive decline in aging animals.  
(A) In the hippocampal dependent task DNMS with 10-min delay, the percentage of 
correct responses decreased with increasing age (r = -0.503, p = 0.002).  A similar 
response was seen in the DRST task, both spatial and object conditions. The total span 
obtained in DRST object (B) and DRST spatial (C) was negatively correlated with age (p 
= 0.027, p = 0.001; respectively).  (D) In CSST, the number of trials required to master 
initial abstraction increased with age (r = 0.365, p = 0.040).  (E) The total number of 
broken sets (r = 0.413, p = 0.019) and (F) the total number of perseverative errors also 
showed a positive correlation with increasing age (r = 0.349, p = 0.050). 
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Figure 8: Correlation of newly generated cells with the cognitive task CSST.  
(A) Schematic of the CSST task in which each box represents a trial; the asterisk 
represents the correct answer. Animals first learn that “red” is correct, as shown in the 
first row of trials. After ten consecutive correct responses, the correct response shifts to 
the new concept of “triangle”, and a new set of trials begins, as illustrated. (B) The total 
number of BrdU positive cells in the dentate gyrus after a 3 week survival was negatively 
correlated with the number of trials needed for initial abstraction (r = -0.737, p = 0.015). 
(C) The total number of broken sets was also negatively correlated with BrdU number (r 
= -0.741, p = 0.014). (D) The total number of perseverative errors showed a trend, but 
was not significantly correlated with the total number of BrdU cells present in the dentate 
gyrus at 3 weeks (r = -0.550, p = 0.100). 	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CHAPTER THREE 
Immature Neurons in the Temporal Lobe Cortex 
Abstract 
The continual proliferation of neurons in the adult brain is well established for 
two neurogenic regions: the subventricular zone (SVZ) of the lateral ventricle and the 
subgranular zone (SGZ) of the hippocampal dentate gyrus. Doublecortin (DCX) is a 
microtubule-associated protein transiently expressed during the migration and maturation 
of neurons in the SGZ and SVZ.  The presence of cells expressing DCX in the cerebral 
cortex has fueled speculation that neurons may also be generated in the adult cortex. An 
alternative hypothesis is that these are not generated in the adult brain but simply have 
not completed maturation and continue to express an immature neuronal phenotype. In 
addition to the temporal origin, other unresolved questions include whether they survive 
throughout the lifespan, and whether they are excitatory or inhibitory. Here we addressed 
these questions using normal adult rhesus monkeys ranging from 6.9 to 30.29 years of 
age.  We used bromodeoxyuridine (BrdU) injections to label adult generated cells and 
DCX immunohistochemistry to label immature neurons. We quantified these markers 
alone and combination in 6 subdivisions of the medial temporal lobe - the amygdala, 
entorhinal cortex, anterior parahippocampal gyrus (PHG), anterior inferotemporal gyrus 
(ITG), posterior PHG and posterior ITG. We also performed double label IHC with DCX 
and markers for inhibitory and excitatory neurons. We found the majority of DCX+ 
neurons in the cortex do not co-label with BrdU and hence are not adult-generated 
suggesting that they are likely formed during development but endure into adulthood 
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expressing an immature phenotype. Furthermore, the number of proliferating BrdU+ cells 
in the cortex does not change significantly with age, although the number of DCX cells 
shows an age-related decline in the anterior regions of the medial temporal lobe. Finally, 
about 49% of DCX cells co-localize with Calretinin, a calcium binding protein that is a 
marker for inhibitory neurons.  In contrast, there was no co-localization with other 
calcium binding proteins, the inhibitory marker GAD67, or with CaMKII, a marker of 
excitatory neurons. These findings confirm other reports that new cortical neurons are not 
generated in the adult primate brain but also raise the intriguing possibility of a reservoir 
of immature cortical neurons that exist in the adult brain that are reduced in number over 
time as they are integrated within local circuitry where they could contribute to ongoing 
neuroplasticity. 
Introduction 
Since the earliest reports demonstrating neurogenesis in the hippocampus and 
olfactory bulb of the postnatal rat brain (Altman & Das, 1965; Kaplan & Hinds, 1977), 
the potential functional role of adult-born neurons has been an intriguing question. The 
first view was that this might simply be a vestige of development and present only in 
brains of rodents or other lower mammals (Eckenhoff & Rakic, 1988), while others 
predicted it might be a general feature of mammalian brains and have an ongoing role in 
brain plasticity (Ming and Song, 2011; Snyder & Cameron, 2012). Over the past two 
decades evidence has established that adult neurogenesis occurs in multiple mammalian 
species including humans (Eriksson et al., 1998) where it is found in two specific regions 
of the brain - the subventricular zone (SVZ) of the lateral ventricle and the subgranular 
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zone (SGZ) of the hippocampal dentate gyrus (Gould et al. 1999; Kornack and Rakic 
1999; Kuhn et al. 1996; Cameron and Mckay 2001). More recently, it has been 
demonstrated that adult generated neurons from these neurogenic regions, have a 
functional role in tasks such as olfactory modulation and hippocampal pattern separation 
(Clelland et al., 2009; Gheusi & Lledo, 2014).  
The proliferation and survival of adult-generated neurons can be modulated by 
external factors. Among those that increase neurogenesis rates are environmental 
enrichment (Kempermann et al. 1997), exercise (Kobilo et al., 2011) and 
pharmacological treatments that enhance brain plasticity (Malberg et al., 2000; Perera et 
al., 2011). Alternatively, physical and emotional stressors as well as a variety of 
pharmacological treatments can reduce neurogenesis (Schoenfeld and Gould, 2012). The 
plastic nature of neurogenesis has therefore generated considerable interest in whether 
additional regions in the adult brain might be capable of adult neurogenesis as this would 
be relevant to both on going cognitive plasticity as well as potential therapeutic 
applications. Indeed, several studies have reported the presence of adult-generated 
neurons in other brain areas including the neocortex (Gould et al. 1999b), striatum (Ernst 
et al., 2014; Luzzati et al., 2007), amygdala (Bernier et al., 2002), hypothalamus (Migaud 
et al., 2010; Yuan and Arias-Carrión, 2011), and substantia nigra (Zhao et al., 2003), 
although some of these claims remain disputed (Kornack and Rakic, 2001; Nowakowski 
and Hayes, 2000).  
The primary challenge with evaluating the contradictory results from these 
different studies is the different methods that have been used to identify adult generated 
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neurons. Early studies employed radioactively labeled thymidine incorporated into the 
nuclear DNA of dividing cells during S-Phase, but requires emulsion coating 
autoradiography that identifies labeled nuclei only in the top 1 - 3 microns of the tissue 
section leading to a low signal to noise ratio (Pasko Rakic, 2002; Taupin, 2007).  More 
recently, the thymidine analog bromodeoxyuridine (BrdU) has been used to label the 
nuclei of dividing cells using immunohistochemistry (IHC).  Not only does this identify 
cells through the depth of 40 or 50µm thick section, but also facilitates using double label 
IHC to obtain additional phenotypic evidence to separate cells of neuronal lineage from 
glial or vascular elements (Gratzner, 1982; Taupin, 2007).  
The differential expression of specific proteins during neuronal development has 
been used to identify neurons at distinct stages of maturation. One of these neuronal 
markers is Doublecortin (DCX), a microtubule-associated protein involved in the radial 
and tangential migration of neurons (Francis et al., 1999; Gleeson et al., 1999). DCX is 
transiently expressed during the immature stage of maturation but is gradually down-
regulated concurrent with the up-regulation of mature neuronal markers, such as neuronal 
nuclei (NeuN). Further evidence of DCX as a reliable marker of immature neurons is 
supported by co-localization with established markers of immature neurons such as the 
polysialated neural cell adhesion molecule (PSA-NCAM) and the neuron-specific 
tubulin-III (TuJ1).  
Recently, studies using DCX and PSA-NCAM have reported the presence of 
immature neurons in the neocortex of rodents, cats, non-human primates, and humans 
(Cai et al., 2009; Nacher et al., 2001; Zhang et al., 2009). These neurons were 
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predominately located in layer II/III in the piriform and entorhinal cortices in mice and 
rats, but appeared more abundant and dispersed in higher mammalian species with larger 
cortices. In particular, cats and primates, have a larger distribution of immature neurons 
in ventral portions of the frontal and temporoparietal lobes compared with dorsal regions, 
and higher abundance in association regions compared with primary cortical areas (Cai et 
al., 2009; Varea et al., 2011; Zhang et al., 2009). While evidence of adult-generated 
cortical neurons has been disputed (Kornack and Rakic, 2001; Nowakowski and Hayes, 
2000), a few studies report co-localization of the immature neurons with proliferation 
markers, indicating they are adult-generated (Bernier et al., 2002; Marlatt et al., 2011).  
As a result, they have re-ignited questions about whether additional regions of the adult 
brain might indeed have the potential for ongoing neurogenesis. 
Through closer examination of the cortical immature neurons, it has been 
proposed that there are at least two populations of immature neurons - larger cells termed 
“Pyramidal-semilunar transitional cells” and smaller “Tangled” cells (Bonfanti and 
Nacher, 2012; Gomez-Climent et al., 2010). These two populations have different 
morphologies in addition to variable levels of co-localization with specific cellular 
markers. The distinct cellular profiles have led to speculation that these cells are at 
different stages of transition into mature neurons such that the smaller “Tangled” cells are 
more immature than the Pyramidal-seminular cells which are in a later phase of 
maturation (Cai et al., 2009; Gomez-Climent et al., 2010). Therefore, these immature 
cortical neurons may represent a reserve pool of neurons that progressively change into 
mature neurons throughout adulthood.  
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The gradual differentiation of immature cortical neurons in adulthood also raises 
the question of how adult neurogenesis changes across the lifespan. Previous studies that 
have quantified the number of immature neurons in aged animals compared with young 
adults have reported a significant age-related reduction (Varea et al., 2009; Zhang et al., 
2009). These findings are similar to studies in the dentate gyrus, a known neurogenic 
niche, demonstrating significant age-related declines in immature neurons (Kuhn et al., 
1996; McDonald & Wojtowicz, 2005; Ngwenya et al., 2015). While adult-generated 
neurons in the dentate gyrus have been shown to integrate into hippocampal circuitry and 
contribute to cognitive processing, the role of immature neurons in the cortex has yet to 
be established.  
It has been proposed that the age-related decline in immature neurons seen in the 
cortex is not due to cell death, but rather, due to the ongoing differentiation of immature 
neurons into mature neurons. This theory is supported by an absence of apoptotic activity 
in cortical layer II where the immature cortical neurons largely reside (Xiong et al., 
2008). Additionally, this hypothesis is in accordance with the morphological transition 
between ‘Tangled’ and ‘Pyramidal-seminlunar transitional cells’. Finally, if there is a 
progressive reduction as neurons mature, the question of “mature” phonotype arises. 
Some groups have demonstrated co-localization of immature DCX+ neurons with GABA 
and GABA-associated calcium binding proteins, suggesting an inhibitory cellular identity 
(Cai et al., 2009; Xiong et al., 2008). However, other studies have failed to replicate these 
results, and report co-localization with markers suggestive of an excitatory phenotype 
(Gómez-Climent et al., 2008; Luzzati et al., 2009).  
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The presence of immature cortical neurons has raised three main questions that 
remain unresolved: 1) What is the temporal origin of immature cortical neurons?  Are 
they are generated in adulthood or generated during development and remain arrested in 
an immature state?  2) What is the fate of these neurons across the lifespan?  Do they 
eventually mature and incorporate into existing circuitry or do they die? 3) What is the 
cellular identity of these neurons? Do they express inhibitory or excitatory neuronal 
phenotypes, or both?  The goal of the present study was to address these three questions 
in the temporal lobe of the rhesus monkey, a non-human primate model of normal aging 
(Kohama et al., 2012; Peters et al., 1996). Co-localization between the proliferation 
marker BrdU and the immature neuronal marker DCX was assessed to determined if the 
cortical immature neurons are adult-generated. Furthermore, the number of BrdU+ 
proliferating cells and DCX+ immature neurons were quantified to examine age-related 
changes in these cell populations. Finally, IHC labeling with inhibitory and excitatory 
cellular markers was performed to determine the cellular identity of DCX+ immature 
neurons. The results from this study suggest that the majority of immature cortical 
neurons in the monkey temporal lobe are not adult-generated, show a decline with age, 
and may represent a population of Calretinin-expressing neurons.  
Materials and Methods 
Subjects   
Eight adult rhesus monkeys (Macaca mulatta) used in this study were part of a larger 
cohort of monkeys used for studies of normal cognitive aging and adult hippocampal 
neurogenesis (Table 1). They were separated into two groups - young (mean age: 7.28 
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years, n = 4) and aged (mean age: 24.3 years, n = 4).  All were obtained from Yerkes 
National Primate Research Center (Atlanta, GA) or Covance Laboratory (Princeton, NJ). 
For approximately the last year of the animals’ life, they were singly housed in a 12 hour 
light-dark cycle by the Laboratory of Animal Science Care at Boston University Medical 
Center, which is accredited by the Association for the Assessment and Accreditation of 
Laboratory Animal Care.  All procedures followed National Institutes of Health 
guidelines, and were approved by Boston University’s Institutional Animal Care and Use 
Committee. Most animals underwent a series of cognitive tests (Herndon et al., 1997; 
Moore et al., 2005) while on study. Either between or at the end of cognitive testing, 
animals were given BrdU injections. 
BrdU Administration  
All animals received a single intraperitoneal injection of 200mg/kg of BrdU (Sigma), 
prepared at a concentration of 15mg/ml, in sterile Tris-buffered saline at pH 7.4. For this 
animals were sedated with ketamine (10mg / kg). 
Perfusion-Fixation and Tissue Sectioning  
At the end of all testing monkey were euthanized and the brain perfusion fixed with 4% 
paraformaldehyde as previously described (Ngwenya et al., 2005).  Brains were 
cryoprotected, flash-frozen, and stored at –80 ºC (Rosene et al., 1986) until cut on a 
sliding microtome into interrupted series of frozen sections. One hemisphere per animal 
was sectioned at 30 µm into ten interrupted series, one of which was slide mounted and 
Nissl stained with 0.05% thionin.  Other series were placed into cryoprotectant (0.1M 
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phosphate buffer containing 15% glycerol) and stored at -80ºC until thawed and batch 
processed for immunohistochemistry.  Prior to tissue processing, sections were thawed, 
rinsed to removed cryoprotectant and batch processed to ensure all tissue was run at the 
same time using identical solutions and reagents. 
DCX Chromogenic Immunohistochemistry  
Processing for DCX used a protocol developed and optimized following 
immunohistochemical principals described in Hoffman et al., 2008. Sections were post-
fixed in 4% Paraformaldehyde + 2.5% Acrolein, incubated in sodium borohydride, and 
rinsed in buffer solution.  Tissue was then incubated in primary antibody (Rabbit anti-
DCX, 1:10,000; Cell Signaling) with 0.4% triton-x and 1% Keyhole Limpet Hemocyanin 
for 72 hours. Following primary incubation, tissue sections were incubated in 
biotinylated secondary antibody, treated with a biotin-avidin complex (Vector Elite Kit; 
Vector Labs, Burlingame, CA) and rinsed in sodium acetate. For chromogen 
visualization, tissue was incubated in nickel-sulfate- DAB solution and developed with 
H2O2 (1%).  Following tissue processing, sections were subsequently mounted onto glass 
slides and coverslipped.   
BrdU Fluorescence IHC with Cellular Phenotype Markers  
BrdU imunohistochemistry was processed following a protocol previously described 
(Ngwenya et al., 2005).  Briefly, sections were rinsed in buffer solution, then heated to 
65°C in a sodium chloride sodium citrate solution with formamide for antigen retrieval. 
Sections were subsequently placed in 2N HCl, then boric acid, and placed in blocking 
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solution for 1 hour. Tissue was incubated overnight in primary antibody (Rat anti-BrdU, 
1:200; Chemicon) with 0.4% triton-x. Following rinses in buffer, tissue was incubated in 
secondary antibody (Goat anti-mouse Alexa Fluor 488, 1:500; Life Technologies) for 2 
hours.  Tissue processing continued to label for DCX by incubating tissue for 48 hours in 
primary antibody (Rabbit anti-DCX, 1:300; Cell Signaling). Following incubation, tissue 
was rinsed in buffer and placed in secondary antibody (Goat anti-rabbit Alexa Fluor 568, 
1:500; Life Technologies) for 2 hours. Finally, sections were rinsed in buffer, processed 
with Autofluorescence Eliminator (EMD Millipore), mounted and coverslipped with 
PVA-DABCO (Sigma). The same protocol was used to process additional sections for 
BrdU co-localization with markers of oligodendrocytes (Olig2, 1:1000; Abcam) and 
astrocytes (GFAP, 1:1000; EMD Millipore).  
DCX Fluorescence IHC with Inhibitory and Excitatory Markers  
Multiple labeling was conducted in a sequential manner with tissue processing first 
conducted for DCX, followed by subsequent tissue processing for inhibitory and 
excitatory cellular markers. First, sections were rinsed in buffer solution, followed by 
tissue permeabilization in buffer solution with 0.4% Triton-x for 1 hour. Following 
permeabilization, tissue was placed in blocking solution for 1 hour, then incubated in 
DCX primary antibody (Rabbit anti-DCX, 1:300; Cell Signaling) overnight. Following 
incubation, tissue was rinsed and sections placed in secondary antibody for 2 hours. This 
protocol is subsequently repeated for the second antibody marker.  For identification of 
an inhibitory cellular identity, we used antibodies to GAD67 (mouse anti- GAD67, 
1:1000; EMD Millipore) and to the calcium binding proteins Calbindin (mouse anti-
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Calbindin, 1:1000; Swant), Parvalbumin (mouse anti-Parvalbumin, 1:1000; Swant), and 
Calretinin (mouse anti-Calretinin, 1:1000; Millipore). GAD67 is an isoform of glutamate 
decarboxylase (GAD), the synthesizing enzyme for the inhibitory neurotransmitter 
GABA (Soghomonian and Martin, 1998). In addition, calcium binding proteins label 
largely distinct populations of interneurons that mostly co-localize with GABA, thereby 
distinguishing these proteins as powerful markers of GABAergic cells (Hof et al., 1999). 
To determine if DCX cells were excitatory, we also processed tissue for co-localization 
with CaMKII (mouse anti-CaMKII, 1:1000; Abcam). The Ca2+/Calmodulin-dependent 
protein kinase II (CaMKII) is highly abundant in the postsynaptic density important for 
synaptic plasticity and the regulation of neuronal excitability (Okamoto et al., 2009). 
Sections were also processed for DCX and the mature neuronal marker NeuN (mouse 
anti-NeuN, 1:5000; Millipore) to determine the progression of neuronal maturation, and 
the extent of double labeling between the two markers.   
Microscopy and Image Analysis  
DCX chromogenic analysis was performed by quantifying the total number of labeled 
DCX cells in each region of interest within the temporal lobe on six sections for each 
animal. Three sections spanned the anterior inferior temporal and anterior temporal lobe 
regions at the level of the anterior medial temporal sulcus. These sections include ROIs 
for the Amygdala, Entorhinal Cortex, Anterior Parahippocampal Gyrus (PHG), and 
Anterior Infero-temporal Gyrus (ITG). In addition, three sections from the posterior 
temporal lobe regions were selected at the level of the occipital temporal sulcus. These 
sections included ROIs of the Posterior Parahippocampal Gyrus (PHG) and Posterior 
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Infero-temporal Gyrus (ITG). Sections for each animal were selected based on equivalent 
levels of the brain as determined by anatomical boundaries. These regions of interest 
were selected topographically and not cytoachitectonically and are illustrated in Figure 1. 
All cell counts were conducted with sections blind coded as to case and age.  
Image analysis of DCX chromogenic sections was performed on entire temporal 
lobe sections imaged at 20X magnification on a Nikon E600 series microscope (Nikon) 
with a Prior H101A motorized XYZ stage, a QImaging Retiga 1305B (OEM Fast Color 
12-bit) digital camera, and Surveyor program (version 6.1.0.3, Objective Imaging Ltd) to 
create seamless high resolution image montages. Regions of interest on these image 
montages were outlined using weMark software (wemarkproject.org) following the 
boundaries of the Paxinos Rhesus Monkey Atlas (Paxinos et al., 2000). 
Fluorescence co-localization analysis with BrdU was performed using an 
epifluorescent Nikon Eclipse E600 microscope (Nikon; Melville, NY) equipped with a 
LEP motorized stage and a MBF CX9000 digital camera microscope was used for initial 
identification of BrdU cells and co-localization with DCX, GFAP or Olig2. Image 
capture and confirmation of double labeling was performed using optimal slice z-stack 
analysis on a Leica TCS SPE DM 5500 confocal (Leica) and ImageJ software for post-
processing. The percentage of double-labeled cells was calculated as the number of 
double-labeled cells divided by the total number of BrdU labeled cells in each region.  
Analysis of DCX fluorescence co-localization with inhibitory and excitatory 
markers was also conducted on the Leica TCS SPE DM 5500 confocal (Leica) by 
scanning and tiling the entire Ant. PHG at 10x on one representative section per animal. 
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Regions throughout the tiled area were further captured for analysis conducted at 40x 
with z- stacks through the entire thickness of the tissue. The percentage of double-labeled 
cells was calculated as the number of double-labeled cells divided by the total number of 
DCX labeled cells. Total DCX cell counts and co-localization analysis were conducted 
using ImageJ software.  
Statistical Analysis  
All analyses were done using Prism GraphPad 6 software.  First mean counts of different 
markers according to individual anatomical regions of interest across all subjects were 
calculated and compared using unpaired t-tests. To assess the effect of age, linear 
regression analysis was conducted for age and both BrdU and DCX cell counts.  Data are 
presented as the mean and standard error of the mean with the minimum significance 
level set at p < 0.05.  
Results 
Morphology and Distribution of DCX Positive Neurons   
As shown in Figure 2A-F, DCX+ neurons are observed in monkey temporal lobe - both 
in ventral cortical areas and in the amygdala.  In the cortex DCX+ cells are mainly 
observed in layers 2-3 forming a distinct cellular band of immature neurons continuing 
from the entorhinal cortex, across the temporal gyrus, to the insular cortex. This present 
study also observed the cellular band becoming less evident across the anterior 
parahippocampal regions with age (Figure 2E). Furthermore, DCX+ can categorized 
based on morpholoygy as smaller “Tangled” cells and larger “Pyramidal-semilunar 
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transitional cells” (Gomez-Climent et al., 2010). DCX+ neurons in the present study 
exhibit a morphology characteristic of ‘tangled cells’ with a small somal diameter of 6 - 8 
µm and unipolar or bipolar processes extending from the cell body with irregular 
trajectories (Figure 2B,C). 
Age-Related Decline In DCX Positive Neurons In the Anterior PHG  
In the present study, there was a significant reduction in the number of DCX+ neurons in 
four of the six examined regions (Figure 2H-M). There was a significant effect of age on 
DCX+ cells in the amygdala (p = 0.0058, Figure 2B), entorhinal cortex (p = 0.0266, 
Figure 2C), anterior PHG (p = 0.0049, Figure 2D), and anterior ITG (p = 0.0124, Figure 
2E). These results demonstrate an age-related decline of DCX+ neurons in the anterior 
inferior temporal region, but not the posterior parahippocampal regions of the posterior 
PHG and posterior ITG (Figure 2F,G).  
Limited Age-Related Changes In Proliferative Capacity In the PHG  
All animals in this study received injections of BrdU 3 weeks prior to perfusion. As a S-
phase marker, BrdU is incorporated into cells during the cell cycle and is commonly used 
as a marker of proliferation (Figure 3A). To assess age-related changes in cell 
proliferation in the temporal lobe, t-tests were used to evaluate the relationship between 
the young and old age groups within each examine region. The results demonstrate no 
significant age-related differences in the examined regions (Figure 3C-G), except for the 
posterior ITG, where there was an age-related decrease in BrdU+ cells (p = 0.0456, 
Figure 3H).  
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Phenotype Of Proliferating BrdU Cells In the PHG  
To determine if the DCX+ neurons are adult generated, co-localization between BrdU 
and DCX was assessed using fluorescence immunohistochemistry. With the exception of 
one BrdU+ cell, no BrdU+ cells were found to co-localize with DCX, suggesting that the 
majority of immature DCX+ cortical neurons in these regions are not adult-generated (n 
= 989 BrdU+ cells, 0.1% BrdU/DCX; Figure 5A-C). Examination of the BrdU/DCX 
labeled cell revealed a small neuron with DCX staining in the cytoplasm of the soma, 
BrdU labeling in the nucleus, and no detectable cellular processes (Figure 4). The simple 
morphology is different from the majority of DCX neurons with longer, bipolar processes 
extending from the soma, suggesting that this cell is a newly differentiated neuroblast at 
an early stage of maturation and therefore lacking processes, or possible a cell 
undergoing degeneration or programmed cell death.  
To further investigate the phenotype of proliferating BrdU+ nuclei in the temporal 
lobe, additional sections were processed for BrdU co-localization with markers of 
oligodendrocytes (Olig2) and astrocytes (GFAP). These results indicate complete co-
localization of BrdU+ cells with Olig2 (n = 115 BrdU+ cells, 100% BrdU/Olig2; Figure 
5G-I), but no co-localization of BrdU with GFAP (n = 107 BrdU+ cells, 0% 
BrdU/GFAP; Figure 5D-F). These results suggest that proliferative cells labeled with 
BrdU are predominately of the oligodendroglial lineage, with limited generated of 
neurons.  
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Cellular Identity Of DCX Positive Immature Neurons In the PHG 
To determine if DCX+ neurons are differentiating into excitatory or inhibitory neurons, 
multi-label immunofluorescence was performed. An inhibitory cellular identity was 
investigated using antibodies for the GABA synthesizing enzyme, GAD67, and calcium 
binding proteins including Calbindin (CB), Parvalbumin (PV) and Calretinin (CR). An 
excitatory phenotype was investigated using the neuronal marker CaMKII. Immature 
DCX+ neurons were first identified and then examined for co-localization with inhibitory 
and excitatory cellular markers using confocal analysis to quantify the extent of double-
labeling.  
Analysis of DCX+ neurons with GAD67+ expression failed to show co-
localization (n = 429 cells examined, Figure 6A). Results of DCX+ neurons and CB co-
expression also revealed no double-labeled cells (n = 452 cells examined, Figure 6B) as 
did DCX+ neurons with PV expression (n = 504 cells examined, Figure 6C).  In contrast, 
results demonstrated co-localization between DCX+ neurons and CR+ expression (n = 
616 cells examined, Figure 6E-G) with 48.5% of cells double-labeled. Closer 
examination of CR+ cells reveals two populations: a population of larger cells (~9-12µm 
diameter) with high CR expression, and a population of smaller cells (~6-8µm diameter, 
arrow, Figure 6F) with lower CR expression. The CR+ population of smaller cells was 
co-localized with DCX, but co-localization was not seen with DCX in the larger CR+ 
population. To investigate the potential of an excitatory cellular identity, we examined 
DCX+ neurons (n = 548) for co-expression with CaMKII, but no double-labeled cells 
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were identified (Figure 6D). These results indicate that DCX+ cells may constitute a 
specific population of CR+ expressing neurons. 
Maturational State of DCX Positive Neurons  
Further immunofluorescence experiments were conducted to examine the extent of 
DCX+ neurons expressing the mature neuronal marker, NeuN. The apparent arrested 
state of these cortical DCX+ neurons suggests a continued immature phenotype, but it is 
unknown if these cells continue to differentiate into mature neurons. Our results indicate 
that 47.3% of DCX+ neurons (n = 590) also co-express NeuN (Figure 6H-J). The 
expression of NeuN was found in DCX+ neurons expressing was faint, suggestive of a 
gradual transition between immature and mature neuronal states.  
Discussion 
Summary of Results  
Consistent with previous data showing that immature neurons in the neocortex are 
generated during development, the present study demonstrates limited co-localization 
between the immature neuronal marker DCX, and the proliferation marker BrdU. One 
BrdU+ cell was found to co-localize with DCX indicating that 0.1% of BrdU+ cells may 
be adult-generated neurons. However, of the remaining proliferating cells in the cortex, 
100% of BrdU+ cells co-localized with the oligodendrocyte lineage marker Olig2, 
indicating ongoing oligodendrogenesis in the cortex. The population of DCX+ cells 
appears to be a reserve pool of immature neurons leftover from development undergoing 
progressive differentiation from immature to mature neurons as demonstrated by a 47.3% 
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co-localization of DCX with NeuN. The number of DCX+ immature neurons decrease 
with age in the amygdala, entorhinal cortex, anterior PHG, and anterior ITG. However, 
there were no significant age-related changes in DCX+ neurons in the posterior PHG or 
posterior ITG. Quantitative assessment of proliferating BrdU+ cells does not indicate 
significant age-related changes in the cortex. Final evaluation of the cellular identity of 
DCX+ immature neurons reveals 48.5% co-localization between DCX and Calretinin. No 
other co-localization was detected with the calcium binding proteins Parvalbumin and 
Calbindin, the GABA synthesizing enzyme GAD67, or the excitatory neuronal marker 
CaMKII.  
Technical Considerations and Caveats  
Previous investigations of immature cortical neurons have generated inconsistent results 
regarding the cellular identity of these cells. Due to the discrepancies in the literature 
with regard to DCX co-localization with specific cellular markers, it is important to 
consider technical limitations of the markers used in the present study.  
As the primary marker in the present study, Doublecortin (DCX) must 
experimentally validated as a reliable marker of immature neurons. Accordingly, 
Doublecortin is a microtubule-associated protein expressed in migrating and immature 
neurons (Brown et al., 2003; Gleeson et al., 1999).  Expressed in neurons both during 
development and adulthood, DCX directs neuronal migration by regulating and 
organizing the stability of microtubules (Gleeson et al., 1999). The transient expression 
of DCX is first seen in neuroblasts with continuous expression until the mature neuronal 
maker NeuN is up-regulated. Once mature neuronal markers are expressed, DCX 
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immunoreactivity is decreased and remains undetectable thereafter (Brown et al., 2003). 
Interestingly, the temporal expression of DCX has been shown to vary greatly between 
species. In the rodent hippocampal dentate gyrus, DCX is expressed within the first 3 
weeks of neuronal maturation, but is down-regulated with the appearance of NeuN by 4-6 
weeks (Brown et al., 2003). In primates, the maturation processes in the dentate gyrus is 
protracted with DCX expression continuing beyond 23 weeks (Kohler et al., 2011). These 
studies indicate that neuronal maturation, as measured by DCX expression, is up to 6 
times longer in the primate dentate gyrus than in rodents.  
In regions outside of the hippocampal dentate gyrus, DCX staining has been seen 
in the rat telencephalon (Gómez-Climent et al., 2008; J Nacher et al., 2001), guinea pig 
allo- and neocortex (Xiong et al., 2008), cat allo- and neocortex (Cai et al., 2009), as well 
as primate amygdala and neocortex (Cai et al., 2009; Koketsu et al., 2003; Marlatt et al., 
2011; Zhang et al., 2009). Additional labeling of immature neurons within the cortex has 
also been identified using other immature neuronal markers including the neuron-specific 
tubulin-III (TuJ1) and the polysialylated neural cell adhesion molecule (PSA-NCAM) 
(Nacher et al., 2002; Varea et al., 2009). While PSA-NCAM labels immature neurons, it 
is also expressed in specific populations of mature neurons in the hippocampus and 
neocortex (Nacher et al., 2002). As a result, PSA-NCAM alone, cannot be used to 
characterize immature neurons. However, in the cortex, PSA-NCAM has been shown to 
co-localize with DCX and the co-expression of these markers can confirm the presence of 
immature neurons (Cai et al., 2009; Gómez-Climent et al., 2008; Nacher et al., 2001). 
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Overall, DCX is a validated marker of migrating and immature neurons and 
consequently, was used in the present study.  
The cellular identity of DCX+ cortical neurons can be identified by co-
localization with inhibitory and excitatory markers. In the present study, cellular identity 
was assessed using antibodies against the calcium binding proteins Parvalbumin, 
Calbindin and Calretinin. In addition, to determine if DCX+ neurons are GABAergic, this 
study used the GABA synthesizing enzyme Glutamate decarboxylase, isoform 67 
(GAD67). Further characterization of an excitatory phenotype was conducted using the 
excitatory neuronal marker Calcium/calmodulin-dependent protein kinase type II 
(CaMKII). While these markers are frequently used to identify the cellular phenotype, 
limitations to their use exist, which provide caveats to the identification and use in the 
present study.  
First, CaMKII expression in the forebrain is restricted to excitatory, glutamatergic 
neurons with the distribution localized both pre- and postsynaptically in neurons. 
Additional confirmation of expression specifically in excitatory cells is apparent as 
CaMKII labeling is absent from GABA, or GAD67 containing neurons (Jones et al., 
1994). The temporal expression of CaMKII is also important to consider, as expression 
levels are activity-regulated. Therefore, CaMKII expression is sensitive to levels of 
activity and is up and down-regulated in response to neural activity (Benson et al., 1991). 
At early stages of neuronal maturation when DCX immunoreactivity first appears, 
immature neurons have limited branching of dendritic processes and make few synaptic 
contacts (Ngwenya et al., 2006). Ultrastructural characteristics of immature neurons have 
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also described clumped heterochromatin, and astroglial lamellae closely apposed to the 
somata and process, further suggesting a functionally inactive cell (Gómez-Climent et al., 
2008). Analysis of cellular activity markers with the immediate early genes c-fos and 
Arc, reveal an absence of expression in immature neurons, also suggestive of inactive or 
dormant cells (Gómez-Climent et al., 2008). At this early stage of maturation, expression 
of CaMKII may not be active, even if the eventual phenotype of the immature neuron is 
an excitatory neuron. Therefore, in the present study, the absence of co-localization 
between DCX+ immature neurons and CaMKII may not indicate that the neuron is not 
excitatory, but is not yet expressing CaMKII.   
As a marker of inhibitory neurons, we used an antibody to GAD67. Glutamate 
decarboxylase (GAD) is present in two molecular forms, GAD65 and GAD67. These 
isoforms are synthesized in different compartments and appear to have different 
functional roles. GAD65 synthesizes GABA in the ‘transmitter compartment’ that is 
localized to the nerve terminals where it is involved in neurotransmission. GAD67 is 
involved in cytoplasmic GABA synthesis in a ‘metabolic compartment’ uniformly 
distributed throughout the cell where it is an intermediate in energy metabolism, but can 
also support synaptic transmission (Martin & Rimvall, 1993; Soghomonian & Martin, 
1998). The selection of GAD67 in this present study was based on the more robust 
staining pattern of GAD67 throughout the cell, compared to the limited expression of 
GAD65 in nerve terminals. Furthermore, studies have shown that GAD67 may be 
responsible for the majority of GABA synthesis in the brain as GAD67 and GABA levels 
	  	  
94 
are maintained in GAD65 knockout mice, whereas GABA levels are reduced in GAD67 
knockout models (Asada et al., 1996, 1997).  
With regard to the functional role of GAD, the rate of GABA synthesis is much 
lower than GAD catalytic capabilities. A large majority of GAD is present in the brain as 
apoenzyme (GAD without bound cofactor, apoGAD), which allows for a reservoir of 
inactivate GAD that can be synthesized when there is an increase demand of GABA in 
response to neuronal activity (Martin & Rimvall, 1993). Therefore, similar to the absence 
of CaMKII in inactive, immature neurons, it is possible that the absence of GAD67 
labeling in the DCX+ neurons is due to the temporal progression of neuronal maturation 
and synaptic activity.  
Origin of Cortical Immature Neurons  
In the field of adult neurogenesis, the largest challenge has been to provide conclusive 
evidence that neurons can be generated in the adult-brain.  While it is accepted that adult 
neurogenesis occurs in the SVZ and SGZ, additional region in the brain with 
neurogenesis remains disputed (Bernier et al., 2002; Gould et al., 1999; Kornack & 
Rakic, 2001). In particular, immature neurons present in cortical regions have been 
identified with the immature neuronal markers DCX, TuJ1, and PSA-NCAM (Koketsu et 
al., 2003; Nacher et al., 2001). However, an unresolved question regarding these 
immature cortical neurons in is whether they are generated postnatally in the adult brain 
or generated during embryologic or early postnatal development but remained in the 
immature state.  
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In the neocortex of adult macaques, Gould et al., (1999), first reported the 
presence of BrdU+ cells double labeled with the mature neuronal markers NeuN, neuron-
specific enolase (NSE) and the microtubule-associated protein-2 (MAP2). Additional 
studies in squirrel monkeys and marmosets using BrdU with markers of immature 
neurons (TuJ1 or DCX) and mature neurons (NeuN or MAP-2) also reported low levels 
of co-localization in the amygdala, piriform cortex, and inferior temporal cortex (Bernier 
et al., 2002; Marlatt et al., 2011). Contrary to these findings of co-localization, other 
studies in the primate have failed to find evidence of co-localization using BrdU or 
tritium-labeled thymidine, with neuronal markers TuJ1, DCX or NeuN, suggesting that 
immature neurons in neocortex are not adult-generated (Koketsu et al., 2003; Kornack & 
Rakic, 2001; Rakic, 1985).  
In a parametric study in rats, Gómez-Climent et al., (2008) used the proliferation 
marker BrdU at different embryonic ages to examine the timeframe for the generation of 
these cells. This study reported approximately 75% of neurons expressing the immature 
neuronal marker PSA-NCAM in the adult brain were co-localized with BrdU when 
administration was at E15.5 and concluded that the immature neurons are predominately 
generated during development. While this study provides strong evidence that PSA-
NCAM immature cortical neurons are generated during embryonic development, these 
findings were in rodents and the exact timing may be different in primates. However, the 
overall result supports the hypothesis that the majority of immature neurons are generated 
during development, with limited neurons added to the cortex during adulthood.  
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Results from the present study indicate that the majority of DCX+ cells do not co-
localize with BrdU. These findings are in accordance with the hypothesis that immature 
cortical neurons in the monkey brain are not adult generated, but generated during early 
development. However, it remains plausible that newly generated neurons within the 
cortex are present in very small numbers that can be overlooked during analysis. The 
present study detected one out of 989 BrdU+ cells double-labeled for BrdU/DCX. The 
low detection rate of 0.1% of BrdU+ cells double-labeled for BrdU/DCX is lower than 
earlier reported co-localization of 20-44% BrdU/TuJ1 in the temporal cortex (Gould et 
al., 2001), but higher than the 0.007% BrdU/DCX co-localization seen in another study 
of the frontal cortex (Koketsu et al., 2003).  The variable levels of co-localization may 
also be a result of the number of BrdU injections used in the study. This present study 
only used a single BrdU injection, labeling a fraction of cells going through the cell cycle 
at a single time point, resulting in lower numbers of proliferating cells labeled with BrdU. 
Furthermore, the neuronal maturation period in the primate has been demonstrated to take 
up to 6 months (Kohler et al., 2011; Ngwenya et al., 2006). The prolonged expression of 
DCX during the immature phase results in the detection of DCX+ neurons of varying 
ages and stages of maturation. Therefore, the incorporation of BrdU for a survival period 
of 21 days used in this study only labels neurons in the early stages maturation, resulting 
in BrdU/DCX co-localization in a small fraction of the total population of cortical DCX+ 
neurons. Hence, the number of adult-generated neurons in the cortex may be 
underestimated.  
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Analysis of BrdU/DCX cells in the dentate gyrus of animals used in this cohort 
have been previously reported, suggesting that representative numbers of BrdU/DCX 
cells could be detected if present in the cortex (Ngwenya et al., 2015). However, 
comparisons between proliferating cells in the dentate gyrus and neocortex have shown 
the dentate gyrus to have a density of labeled cells 20 times that of the temporal cortex 
(Gould et al., 2001). In addition, as suggested by Cameron and Dayer (2008), the 
compact structure of the granule cell layer in the dentate gyrus allows for an easier 
observation of double-labeled cells within a more restricted region, compared with the 
neocortex with a larger, more dispersed cellular composition. Consequently, detection of 
BrdU/DCX cells is easier in the dentate gyrus, providing an accurate representation of co-
localization that may not be as easily achieved in the cortex.  
The morphology of the one BrdU/DCX neuron in the present study appears to be 
an early differentiated neuroblast, with DCX staining in the cytoplasm of the soma, BrdU 
labeling in the nucleus, and limited cellular processes. Alternatively, this morphology 
may be a consequence of dendritic retraction, and a changing cellular morphology 
reflecting the gradual breakdown of the neuron. It has also been proposed that BrdU is 
incorporated into cells undergoing DNA repair, or apoptosis (Nowakowski and Hayes, 
2000; Rakic, 2002), further supporting this alternative hypothesis. However, more recent 
studies investigating the incorporation of BrdU during DNA repair and cell death have 
shown that BrdU is not expressed in dying postmitotic neurons as assessed by an absence 
of TUNEL+ staining. In addition, BrdU incorporation during DNA repair does not occur 
at a high enough level to be detected by immunohistochemistry (Bauer and Patterson, 
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2005). Therefore, it appears that the BrdU/DCX neuron identified in the present study is 
adult-generated, but further staining with apoptotic markers would confirm that the cell is 
not undergoing programmed cell death. Overall, these results suggest that if neurons are 
generated in the adult neocortex, it would be a limited contribution to the total number of 
cortical neurons.  
While the addition of newly generated neurons in the cortex remains highly 
debated (Nowakowski and Hayes, 2000; Rakic, 2002), it is known that glial cells are 
continuously generated throughout the adulthood. As the results from the present study 
indicate the large majority of proliferating cells in the cortex are not of a neuronal 
phenotype, additional co-localization was performed using glial markers for astrocytes 
(GFAP) and oligodendrocytes (Olig2). Analysis of proliferating cells revealed BrdU 
incorporation within oligodendrocytes, but not astrocytes. The absence of proliferating 
GFAP+ astrocytes was an unexpected finding as previous studies have reported 
BrdU/GFAP co-localization (Gould et al., 2001) in addition to BrdU co-localization with 
other astrocytic markers such as S-100β (Koketsu et al., 2003).  However, as this co-
localization was seen at low levels, the findings in this study may be the result of a small 
number of BrdU+ examined, and would benefit from a larger sample size. Proliferating 
oligodendrocytes were also previously identified in primates using the oligodendrocyte 
marker CNP (Gould et al., 2001). The present study used the oligodendrocyte lineage 
marker Olig2 and found complete co-localization of BrdU+ cells with Olig2. The 
presence of proliferating oligodendrocytes is expected in the adult brain as 
oligodendrocyte progenitor cells (OPCs) are known to continuously proliferate at low 
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levels throughout the lifespan (Dawson et al., 2003). Therefore, these results indicate that 
proliferating cells in the adult brain may contain a limited number of new neurons, and 
likely reflect the ongoing process of oligodendrogenesis in the adult brain.  
Age-related Changes and Fate of Immature Neurons  
Immature neurons in the adult brain may undergo different fates. While some cells may 
have a transient existence and then die, other cells may progressively differentiate into a 
mature neuron and integrate into local circuitry. The expression of immature neuronal 
markers DCX and PSA-NCAM are down-regulated upon neuronal maturation, when 
mature neuronal markers such as NeuN become highly expressed (Brown et al., 2003; 
Gleeson et al., 1999). The transition between these stages of neuronal maturation can be 
identified by the gradual overlap and change in protein expression to reflect the 
maturation stage. Previous studies addressing the fate of cortical DCX+ immature 
neurons support the idea of gradual differentiation and progressive maturation into 
mature neurons with DCX levels attenuating as cells became more mature-looking, in 
parallel with the emergence and elevation of NeuN expression (Cai et al., 2009; X.-M. 
Zhang et al., 2009). Further support of this hypothesis of gradual differentiation comes 
from reports that markers of apoptosis (TUNEL) or neuronal death (pyknotic nuclei) are 
not elevated in regions with DCX+ immature neurons (Bonfanti and Nacher, 2012; Xiong 
et al., 2008).  
The present data demonstrate an age-related decline in the number of DCX+ cells 
within the anterior parahippocampal gyrus, but not in the posterior parahippocampal 
gyrus of aged animals. The decline in DCX+ neurons is likely reflective of the gradual 
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differentiation of immature neurons into mature neurons. This hypothesis is supported by 
data in the present study with 47.3% of DCX+ immature neurons co-expressing the 
mature neuronal marker NeuN. This is consistent with reports demonstrating DCX+ cells 
co-expressing NeuN in the guinea pig, and in the primate (Xiong et al., 2008; X.-M. 
Zhang et al., 2009).  
The ongoing differentiation of DCX+ immature neurons into mature neurons 
results in a depletion of the reserve pool of DCX+ neurons with age. The progressive 
addition of mature cortical neurons would be reflected in an increase of the total neuronal 
population with age. However, low levels of cell death in the aging brain may be 
balanced by the progressive differentiation of immature neurons into mature neurons, 
resulting in non-significant alterations in the total population of cortical neurons. This 
hypothesis is supported by studies indicating that normal aging does not result in 
significant cell gain or loss (Haug, 1985; Pakkenberg and Gundersen, 1997). However, 
further studies investigating the rate of neuronal death and the age-related changes in 
neuronal population would be necessary to conclusively demonstrate this process.  
Despite the decrease in DCX+ neurons, examination of BrdU+ proliferating cells 
were largely unchanged between the young and aged animals in the majority of examined 
parahippocampal regions. While the present findings confirm that the proliferating cells 
in these areas are oligodendrocytes, overall levels of cell proliferation in the cortical 
regions is not significantly changed with age. These results are supported by studies of 
oligodendrogenesis indicating that in rodents, primates and humans, there is a relatively 
stable population of oligodendrocytes with age (Peters and Sethares, 2002; Yeung et al., 
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2014; Young et al., 2013). However, in specific regions of the brain, predominately large 
white matter tracts where oligodendrocytes are the primary cell population, there have 
been reports of significant age-related increases in oligodendrocyte cell numbers which 
may be reflective of ongoing remyelination (Sandell and Peters, 2000; Peters et al., 2010) 
(Peters et al., 2010; Sandell and Peters, 2002).  
Cellular Identity of Immature Cortical Neurons  
In depth analyses of DCX+ and PSA-NCAM+ cortical immature neurons has previously 
characterized two populations of cells termed “Tangled” cells and “Pyramidal-semilunar 
transitional” cells (see Gomez-Climent et al., 2010 for review). These two populations 
differ in somal size with tangled cells having a smaller average soma size (~9 um) and 
pyramidal seminlunar cells with a larger average soma (~15 um). These two cell 
populations also reveal differential expression of inhibitory markers with the larger 
pyramidal semilunar cells demonstrating faint expression of GABA/GAD proteins, 
calcium binding proteins, neuropeptides, and NeuN, but an absence of co-localization in 
tangled cells (for review, see Bonfanti and Nacher, 2012). Overall consensus on the 
eventual cellular phenotype of these cells remains inconclusive with some studies 
identifying the cells as excitatory neurons (Gómez-Climent et al., 2008; Luzzati et al., 
2009), and others claiming an inhibitory interneuron phenotype (Cai et al., 2009; Xiong 
et al., 2008).  
These latter studies evaluated the inhibitory phenotype of DCX+ neurons using 
nitrinergic markers, GABA and GAD markers, and calcium binding proteins (Cai et al., 
2009; Xiong et al., 2008).  In the adult cat, DCX+ cells across the allo- and neocortex 
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demonstrated variable levels of co-expression with the inhibitory markers with small, 
unipolar and bipolar DCX+ neurons lacking GABA reactivity, but medium to large 
DCX+ cells co-expressing GABA, in addition to GAD67 (Cai et al., 2009). In the guinea 
pig, a similar trend was seen with medium to large DCX+ neurons expressing GABA and 
GAD67 co-localization (Xiong et al., 2008). However, studies in the rat labeling for 
GAD67 did not see co-localization with immature neurons labeled with PSA-NCAM 
(Gómez-Climent et al., 2008). In the larger DCX+ neurons, Cai et al., (2009) also 
demonstrated partial co-localization with the calcium binding proteins Calbindin (CB) 
and and Parvalbumin (PV), but no co-expression with Calretinin (CR). However, in the 
guinea pig, no clear co-localization was seen with the calcium binding proteins, although 
co-expression was seen with NADPH-d and nNos (Xiong et al., 2008). Overall, these 
studies have provided differing reports of co-localization between immature neurons and 
inhibitory markers in different animal species.  
In the present study, DCX+ neurons in the temporal lobe cortex exhibited a 
morphology characteristic of the previously defined ‘tangled cell’ with a small somal 
diameter of 6 - 8 µm and unipolar or bipolar processes extending from the cell body with 
irregular trajectories. These DCX+ neurons did no co-localize with the calcium binding 
proteins PV or CB, or with the GABA synthesizing enzyme GAD67. However, it is 
important to note that the previous studies reporting DCX co-localization with inhibitory 
markers indicated co-expression in DCX+ neurons of a medium (5–10 µm) to large 
somal size (10–20 µm) with weaker DCX expression (Cai et al., 2009; Xiong et al., 
2008).  Therefore, the morphology and expression patterns of these larger DCX+ cells are 
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in line with the descriptions of Pyramidal-semilunar transitional cells, which were not 
observed in the present study, and may explain the discrepancy in staining patterns. 
While no co-localization was seen with PV and CB, the present study did see co-
localization with the calcium binding protein CR. Interestingly, there appeared to be two 
subsets of CR+ cells.  One set of larger CR+ cells with high levels of expression and a 
diameter of ~ 9 - 12 µm. The other set was composed of smaller CR+ cells with lower 
levels of expression and diameters from ~ 6 - 8 µm. Within the present study, 48.5% of 
DCX+ neurons expressed CR, with co-localization restricted to the population of smaller 
CR+ cells. Conversely, other studies looking at DCX co-expression with calcium binding 
proteins in the cat, report some faint expression of PV and CB, but no expression of CR 
(Cai et al., 2009). The discrepancies in these results may also be due to examination in 
different species.  Differential cellular composition between species is an important point 
of consideration as primates have a population of CR+ cells that composes 11% of the 
total neuronal population in the mPFC, compared to just 4% in the rat (Gabbott and 
Bacon, 1996; Gabbott et al., 1997). Furthermore, the ratio of CR cells in the primate is 
higher compared to PV and CB expressing cells (2.2 : 1.2 : 1.0), which is different from 
the ratios in the rat (1.2 : 1.7 : 1.0) (Gabbott and Bacon, 1996; Gabbott et al., 1997).  
The observations of CR/DCX cells provide interesting functional implications 
within local circuit neurons as CR+ neurons are important for ongoing plasticity in the 
larger cerebral cortex. In addition to projections to the distal dendrites of pyramidal cells, 
CR+ interneurons can inhibit other subgroups of GABAergic interneurons which in turn 
disinhibit pyramidal neurons. The subsequent disinhibition of pyramidal cells can 
	  	  
104 
generate excitatory activity and ongoing communication within local cortical circuitry 
(Barinka and Druga, 2010). Džaja et al., (2014) have proposed a mechanism by which 
CR+ neurons contribute to the reorganization of the microcircuitry to alter the functional 
output of local neurons.  This mechanism is derived from knowledge that PV+ basket 
cells target pyramidal neurons and can control the synchrony of cell firing through 
hyperpolarization. Inhibitory CR+ neurons synapse on somatostatin (SOM) inhibitory 
interneurons generating an inhibitory effect. Subsequently, SOM+ neurons have a 
disinhibitory effect on PV+ cells allowing for prolonged inhibition on pyramidal cells. 
Therefore, a change in the population of CR+ neurons can have a larger effect on the 
local circuitry through connectivity with SOM+ and PV+ neurons. An increase in the 
number of inhibitory CR+ neurons could generate an overall effect on pyramidal cells 
allowing for longer periods of synchronized activity, potentially resulting in more 
activity, connectivity, and ongoing plasticity within the cortex.  
The aforementioned mechanism is based on the assumption of CR+ cells with an 
inhibitory phenotype. However, DCX+ cells in the present study did not co-localize with 
GAD67 opening up the possibility that DCX/CR cells are not inhibitory, but rather an 
excitatory population of cells. In rodents, 100% of CR+ neurons co-localize with GABA 
(Kubota et el., 1994). However, in the human temporal cortex, 26% of CR+ neurons are 
non-GABAergic and give rise to asymmetric, and hence, presumably excitatory synapses 
indicating that a population of CR+ neurons are excitatory (del Río and DeFelipe, 1996, 
1997). This is consistent with the report of Melchitzky et al., (2005)that in the monkey 
prefrontal cortex, 23% of CR+ cells are non-GABAergic.  
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The potential of DCX+ neurons with an excitatory phenotype was further 
investigated in the present study. These results demonstrate an absence of DCX double 
labeling with the excitatory neuronal marker CaMKII.  However, this may be due to 
limited levels of CaMKII expression at the early stage of neuronal maturation while DCX 
expression is still observed. While CaMKII expression in DCX+ neurons was not 
demonstrated in the present study, or in previously published reports, co-localization with 
the transcription factor Tbr1, expressed specifically by pallium-derived principal neurons, 
has been reported (Luzzati et al., 2009; Varea et al., 2011). These studies provide some 
indication that DCX+ immature cortical neurons may have an excitatory phenotype, 
although these findings do not preclude the other reports of an inhibitory phenotype. 
Overall, the excitatory or inhibitory nature of these DCX+ neurons remains unanswered, 
although the incorporation of these cells into the local circuitry may play a role with 
ongoing plasticity and connectivity within the cortex.  
Functional Implications for Additional Calretinin Neurons in the Adult Cortex  
As previously mentioned, immature neurons have been found within the cortex of many 
species including rodents, cats, non-human primates, and humans. The reports of 
immature neurons in these species have been localized to cortical layer II specifically in 
piriform and entorhinal cortices but are more widely dispersed in deeper layers of 
neocortical areas including the somatosensory cortex and insula (Bonfanti and Nacher, 
2012; Luzzati et al., 2009; Xiong et al., 2008). In higher order animals with larger 
cortices, such as cats and primates, there is a larger distribution of immature neurons in 
ventral portions of the frontal and temporoparietal lobes compared with dorsal regions, 
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with particular abundance in association regions (Cai et al., 2009; Varea et al., 2011; X.-
M. Zhang et al., 2009).  
The widespread distribution of immature neurons may be related to the increased 
brain size through mammalian evolutions, specifically with the enlargement of the 
neocortex and increased diversification of cortical interneurons (DeFelipe, 2002). In 
mammalian species with enlarged cerebral cortices, such as primates, the gradual 
differentiation into mature neurons from the available pool of immature neurons may be 
beneficial for ongoing neuronal connectivity through development and adulthood during 
exposure to new environments and experiences (Allman and Hasenstaub, 1999). 
Association cortices are an important location for immature neurons, as the ongoing 
integration of input from multiple cortical areas may require neurons capable for ongoing 
plasticity. Therefore, a functional role for immature neurons in the cortex of multiple 
species may be a conserved process for ongoing cortical plasticity.  
Finally, in the SVZ and SGZ, adult neurogenesis can be modulated by extrinsic 
and intrinsic factors (Kempermann et al., 1997; van Praag et al., 2005). Studies of 
immature cortical neurons have also shown to increase or decrease in response to external 
manipulation such as olfactory enrichment (Shapiro et al., 2007), stress (Nacher et al., 
2004) (Nacher et al., 2004), and pharmacological treatments (Murphy et al., 2001; 
Sairanen et al., 2007). These forms of modulations suggest that immature neurons play a 
role in plasticity and neuronal differentiation may occur in response to environmental 
signals. This supports the hypothesis that immature cortical neurons represent a reservoir 
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of neurons that can be modulated and may represent a target for potential therapeutic 
strategies (Zhang et al., 2011). 
Conclusions  
In conclusion, this present study shows that DCX+ immature neurons are present in 
multiple cortices of the parahippocampal and inferotemporal regions of the rhesus 
monkey. Furthermore, DCX+ immature neurons appear to be generated embryonically or 
during early development as there is limited co-localization with the proliferation marker 
BrdU. Rather, BrdU+ cells in these regions co-localize with Olig2, a marker for 
oligodendroglia, indicative of ongoing oligodendrogenesis. The DCX+ neurons remain in 
an arrested immature state into adulthood and serve as a reserve pool for ongoing 
differentiation. Supporting this hypothesis, DCX+ neurons show co-localization with 
NeuN, a marker of mature neurons, suggesting a gradual maturation of DCX+ immature 
neurons into a mature neuronal phenotype. Quantification of DCX+ neurons in young 
compared to old monkeys revealed a significant age-related decline in cell number, 
further indicating that DCX+ neurons are disappearing as they develop a mature neuronal 
phenotype. Using fluorescence immunohistochemistry, there was co-localization between 
DCX and the calcium binding protein, Calretinin. The majority of CR+ neurons are 
inhibitory interneurons, however, no co-localization was seen with the GABA 
synthesizing enzyme, GAD67 or other calcium binding proteins that co-localize with 
inhibitory interneurons. While it is possible that these neurons are still early in the 
maturation process and not expressing detectable levels of GAD, these cells could also 
have an excitatory phenotype as studies have reported that 23% of CR+ cells are non-
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GABAergic (Melchitzky et al., 2005). Despite the uncertainty regarding the cellular 
identity of the DCX+ neurons, they appear to constitute a reserve pool of immature 
neurons with the capacity to gradually mature in the adult brain where they may 
contribute to ongoing plasticity within the cortex. Nevertheless, this pool decreases with 
age and hence could be a factor in the decline in cognitive capacity that occurs with age. 	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Table 4. All Subjects- Ordered by Age. 	    
Age Sex DCX'NiDAB'
BrdU/DCX'
Fluorescence'
Cellular'Identity'
Fluorescence
6.9 M X X X
6.9 M X X X
7.5 M X X X
7.9 M X X X
19.8 M X X X
22.7 M X X X
24.5 M X X X
30.2 M X X X
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Figure 9. Regions of Interest for DCX Quantification.  
(A-C) Anterior parahippocampal regions at the level of the anterior medial temporal 
sulcus: Amygdala (yellow), Entorhinal Cortex (pink), Anterior Parahippocampal Gyrus 
(green), and Anterior Infero-temporal Gyrus (blue). (D-F) Posterior parahippocampal 
regions at the level of the occipital temporal sulcus: Posterior Parahippocampal Gyrus 
(red) and Posterior Infero-temporal Gyrus (green). 
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Figure 10.  DCX Staining Patterns in Young and Old Animals.  
Low magnification view of the entire temporal cortex in a young animal (A) with DCX+ 
cells located in the amygdala (B) and anterior ITG (C). Temporal cortex in an old animal 
(D) with significantly less DCX+ cells in the Amygdala (E) and the anterior ITG (F).  	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Figure 11. Age-Related Decline in DCX+ Neurons in the Parahippocampal Gyrus.  
Significant age-related decline in DCX+ cells in the anterior parahippocampal ROIs of 
the amygdala, entorhinal cortex, anterior PHG, and anterior ITG, but not in the posterior 
PHG and posterior ITG. Student’s T-tests report a significant age-related decrease in the 
amygdala (A), entorhinal cortex (B), anterior PHG (C), and anterior ITG (D). No 
significant changes in ROIs of the posterior parahippocampal gyrus (E, F).  	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Figure 12. Limited Age-Related Changes in Cell Proliferation.  
Similar number of proliferating BrdU+ cells throughout the parahippocampal gyrus in 
both young and old animals. No significant age-related decrease of BrdU+ cells in the 
amygdala (A), entorhinal cortex (B), anterior PHG (C), anterior ITG (D), and posterior 
parahippocampal gyrus (E). A significant age-related decline in BrdU+ cells was found in 
the posterior ITG (F).  	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Figure 13. BrdU/DCX Labeled Cell in the Parahippocampal Gyrus.  
A single cell with BrdU+ labeling in the nucleus of the cells with (A) DCX+ staining in 
the surrounding soma (B). Co-localization between these two markers is indicative of a 
newly-generated neuron (C; n = 989 BrdU+ cells, 0.1% BrdU/DCX). The morphology of 
this cell appears to be of an early differentiated neuron with a small somal diameter and 
limited dendritic processes.  
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Figure 14. Proliferation of Glial Cells in the Parahippocampal Gyrus.  
Low levels of proliferation were identified by BrdU incorporation, but the majority of 
BrdU+ cells appear not to be neurons (A-C), but rather of the oligodendroglial lineage. 
(D-E) Co-localization of BrdU with olig2 (n = 115 BrdU+ cells, 100% double labeled 
with Olig2), and (G-I) GFAP (n = 107 BrdU+ cells, none double labeled with GFAP).  
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Figure 15. Phenotype of Immature Neurons in the Parahippocampal Gyrus.  
There was no co-localization of DCX with the calcium binding proteins Parvalbumin (A) 
or Calbindin (B). Furthermore, no-colocalization was found between DCX and the 
GABA synthesizing enzyme GAD67 (C). Finally, there was also no col-localization with 
the excitatory marker CaMKII (D).  	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Figure 16. Co-localization of DCX+ Immature Neurons with Calretinin and NeuN.  
A population of DCX+ immature neurons was found to co-localize with the calcium 
binding protein Calretinin. Two populations of Calretinin cells were apparent, but 48.5% 
of DCX+ cells were found to co-localize with small, low expressing Calretinin cells (A-
C). Furthermore, the immature neurons appear to be gradually maturing with 47.3% 
DCX+ cells co-localizing with low expressing NeuN+ neurons (D-F).  	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CHAPTER FOUR 
Oligodendrogenesis in the Aging Brain  
Abstract 
 Oligodendrocyte precursor cells (OPCs) continue to proliferate and differentiate 
into myelinating oligodendrocytes (OLs) throughout the lifespan of animals and 
humans.  The classical role of oligodendrocytes has been in myelination, but these cells 
have also respond to neuronal activity and dynamically regulate conduction velocity, 
thereby impacting the timing and synchrony of neuronal networks. In the adult brain, 
newly-generated oligodendrocytes respond to the local environment and participate in 
ongoing myelination, or remyelination in areas of damage or injury. In the aging brain, 
changes in white matter integrity and connectivity can impact ongoing cognitive function. 
It remains unknown if oligodendrocytes dysfunction initiates white matter changes 
resulting in cognitive impairments, or if oligodendrocytes detect environmental changes 
and initiate a repair response. To address this, we quantified the number of OPCs and 
OLs in the corpus callosum and cingulum bundle of 29 behaviorally characterized aging 
rhesus monkeys, ranging in age from 7 to 27 years. Further analysis, using diffusion MRI 
and tractography assessed structural white matter connectivity among interconnected 
voxels propagating between the cingulate gyrus and target regions in the brain. We also 
measured the normalized quantitative anisotropy (NQA), a measure of water diffusion, to 
evaluate myelin integrity. We report limited age-related changes in OPCs and OLs, but a 
significant increase in oligodendrocyte number in the anterior cingulum of cognitively 
impaired animals. High numbers of OPCs and OLs in the anterior cingulum correlate 
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with low white matter connectivity, potentially indicating a response to regional myelin 
alterations. Lastly, through CSF analysis, proteins involved with axonal guidance and 
axonogenesis were specifically down-regulated in impaired animals. Overall, this study 
indicates that oligodendrocytes are not affected by general age-related changes in the 
brain, but rather, impairment-related changes in specific regions of the white matter, 
generating an increase in OPC and OL cell numbers. 
Introduction 
Glial cells have traditionally been considered the supporting cells of the central 
nervous system (CNS). The term ‘glia’ translates to ‘glue’ highlighting the historically 
perceived role of astrocytes, oligodendrocytes, and microglia as the cells supporting 
neurons. However, more recently, research has elucidated the role of glial cells as much 
more than supporting neuronal function. In particularly, oligodendrocytes have been 
shown to participate in axonal function, synaptic plasticity and play a crucial role in 
myelin formation, repair and remyelination.  
The oligodendrocyte lineage originates with the specification of cells derived 
from neural stem and progenitor cells during embryonic gestation. Through intrinsic and 
extrinsic signals, the highly migratory and proliferative oligodendrocyte progenitors 
undergo progressive differentiation into pre-myelinating oligodendrocytes, then finally 
into postmitotic, mature myelinating oligodendrocytes (Baumann and Pham-Dinh, 2001). 
These developmental stages are characterized by the differential up-regulation and down-
regulation of surface markers or intracellular antigens specific to discrete phases in the 
oligodendrocyte lineage development. For this study, we focused on two primary phases 
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of differentiation, the early oligodendrocyte precursor cell (OPC) and the mature 
oligodendrocyte (OL). OPCs are highly dynamic cells that migrate and proliferate in 
response to signals detected in the local environment (Hughes et al., 2013). OPCs can be 
identified by the expression of the platelet- derived growth factor receptor-α (PDGFRα). 
PDGF is synthesized by astrocytes and neurons, but is a potent survival factor and 
mitogen for OPCs possessing the surface receptor antigen (Pringle et al., 1988; H. J. Yeh 
et al., 1991). Mature oligodendrocytes can be identified through the use of an antibody to 
CC1, with high expression specifically in mature oligodendrocytes (Brakeman et al., 
1999). 
The large majority of myelinating oligodendrocytes are born early in the postnatal 
period.  However, oligodendrocyte generation is not only limited to this early period, but 
continues throughout adulthood where OPCs differentiate into mature, myelinating 
oligodendrocytes (Dimou et al., 2008). In rodents, the generation of OLs in adulthood is 
continuous, but occurs at a low rate with a decline in cell division rates with age (Young 
et al., 2013). In humans, a recent study analyzing atmospheric 14C levels reported that 
the oligodendrocyte population is remarkably stable after 5 years of age, with only a 
0.3% rate of oligodendrocyte exchange annually (Yeung et al., 2014). While OPCs 
residing within the parenchyma in a quiescent state may differentiate at low rates, OPCs 
derived from progenitor cells in the subventricular zone (SVZ) can also be generated in 
the adult brain, particularly in response to demyelination (Menn et al., 2006; Brahim 
Nait-Oumesmar et al., 2007). 
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Traditionally, the functional role of oligodendrocytes is the formation of the 
myelin sheath surrounding axons in the CNS. The high lipid content of myelin allows for 
electrical insulation of axons to facilitate salutatory conduction of nerve impulses for 
rapid communication, and temporal synchronization between cells throughout the CNS. 
In addition to myelin formation, it is now known that oligodendrocytes are involved in 
many more processes such as neuronal-glial interactions, metabolic support for axons, 
and adaptive myelination (see Nave (2010) and Bercury and Macklin (2015) for reviews). 
Recently, myelination by oligodendrocytes has been shown to be modulated in response 
to neuronal activity either artificially, using techniques such as optogenetics, or through 
enriched learning conditions such as playing the piano (Bengtsson et al., 2005; Gibson et 
al., 2014).  
Therefore, adult-generated oligodendrocytes have an intriguing potential for 
ongoing myelination, but the exact functional role in the adult brain remain largely 
unknown. It has been hypothesized that newly-generated oligodendrocytes in the adult 
brain may play a role either in “de novo myelin genesis” or “myelin remodeling” (Young 
et al., 2013). De novo myelin genesis involves the myelination of axonal sheaths that are 
unmyelinated or lightly myelinated. Myelin remodeling requires adult-born 
oligodendrocytes to replace existing oligodendrocytes and continue to produce myelin for 
the axonal internode previously ensheathed by the old oligodendrocyte. In this latter 
process, it remains unknown if oligodendrocytes actually replace existing 
oligodendrocytes, or if they would increase the oligodendrocyte population in the area.  
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Myelin deficits and oligodendrocyte dysfunction have been implicated in a range 
of disorders, most notably multiple sclerosis (MS), but also neurodegenerative disorders 
such as Amyotrophic Lateral Sclerosis (ALS), Alzheimer’s Disease (AD) and 
Parkinson’s Disease (PD) (Kim et al., 2013; Philips et al., 2013). During the normal 
aging process devoid of comorbid disorders, it has been well documented that global 
white matter damage results in an impairment of cognitive function. White matter volume 
has been shown to be reduced with age, in addition to a decline in white matter integrity 
and increase in myelin alterations (Bowley et al., 2010; Wisco et al., 2008). These 
ultrastructural alterations of the myelin sheaths increase with age and also correlate with 
cognitive function (Bennett and Madden, 2014; Bowley et al., 2010). 
The advancement of different magnetic resonance imaging techniques, 
particularly diffusion spectrum imaging (DSI) has been useful for studying structural 
integrity and connectivity within white matter pathways. DSI is similar to other diffusion 
imaging techniques such as diffusion tensor imaging (DTI), sharing similar properties 
measuring the diffusion, or movement of molecular water (Basser et al., 1994; Wedeen et 
al., 2008). Within white matter tracts, molecular movement is restricted by axonal cell 
membranes and myelin sheaths, generating a direction of anisotropic diffusion parallel to 
the axons. In regions without microstructural boundaries, diffusion is relatively isotropic 
and non-directional. Using these principals, the normalized quantitative anisotropy 
(NQA) is a measure that can be used as an index of anisotropy, or restricted movement. 
Therefore, high NQA values reflect higher anisotropy and restricted diffusion, as seen 
along axonal fibers, while lower NQA values reflect isotropic movement and non-
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directional diffusion. (Bennett and Madden, 2014; Le Bihan, 2003). Additional analysis 
from diffusion imaging uses whole brain connectivity, or tractography, to estimate 
connections among interconnected voxels propagating from a specified source, or 
between a source and target region (Bennett and Madden, 2014). These analyses provide 
useful information on the structural connectivity through a tract, but also have limitations 
due to inferences of connectivity based on measures of water diffusion, rather than on 
specific fiber components (Jones et al., 2013).  
It remains unknown if changes in myelin integrity are a result of oligodendrocyte 
dysfunction, or if oligodendrocytes are responding to local signals as a repair mechanism. 
However, the ongoing proliferation of oligodendrocytes in the adult raises intriguing 
questions regarding the ability of the adult brain to repair progressive myelin damage 
through remyelination.  
The present study focuses on the white matter tracts of the corpus callosum and 
the cingulum bundle. These two pathways extend across the majority of the rostral-caudal 
axis of the brain and carry nerve fiber projections from the prefrontal cortex throughout 
the rest of the brain. Examination of these pathways allows for a comparison between 
different white matter tracts in the brain, and also allows for comparisons between the 
anterior and posterior extents of the each tract. The corpus callosum is the largest 
commissural pathway between the two hemispheres, while the cingulum bundle has 
strong connectivity between the prefrontal cortex and medial temporal lobe (Mufson and 
Pandya, 1984). Due to these differences in connections, the cingulum bundle has been 
implicated as a pathway heavily involved in aspects of cognitive function including 
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learning, memory, and executive function (Petrides, 1989). We hypothesize that the 
corpus callosum may reveal general age-related changes in the white matter of the adult 
brain, while the cingulum bundle may reflect age, and also cognitive ability-related 
changes.  
The goal of this study is to quantify age-related changes in the populations of 
oligodendroglia- both OPCs and myelinating OLs, and to examine the relationship with 
cognitive performance. Further investigations within this study examine correlations 
between oligodendrocytes and structural white matter connectivity using DSI. An 
exploratory analysis of cerebral spinal fluid (CSF) was also conducted to identify 
systemic factors that may impact levels of OPCs or OLs, or identify markers expressed 
by oligodendrocytes, axonal fibers, or myelin in response to damage.   
The results from this study reveal limited changes in OPC and OL cell numbers 
with age and sex, but demonstrate an increase in both oligodendrocyte populations in the 
anterior aspect of the cingulum bundle in cognitively impaired animals. Oligodendroglial 
counts in the anterior cingulum also demonstrate a negative correlation with the number 
of structural white matter connections, and a further correlational trend with impaired 
cognitive function. These findings indicate a potential anatomical gradient in the brain 
that is specific to cognitive relevant structures (such as the cingulum bundle) as no effects 
were seen in the corpus callosum. This interpretation also supports the ‘Demyelination 
Hypothesis’ propose by Bartzokis (2004), that demyelination occurs in an anterior to 
posterior process as these frontal structures are the last to be myelinated and may be most 
vulnerable (Bartzokis et al., 2003, 2004).  Final analysis of CSF suggests widespread 
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changes in the environment of cognitive impaired animals, with specific down-regulation 
of proteins involved with axonogenesis and axon guidance.  
Materials and Methods 
Subjects  
Twenty-nine rhesus monkeys (Macaca mulatta), aged 7 - 27 years old, were included in 
this study (Table 1). For histology, tissue from twenty-six animals was used and 
separated into three age groups: young (< 10 years, n = 8), middle aged (10 – 20 years, n 
= 8) and old (> 20 years, n = 10). Monkeys were obtained from Yerkes National Primate 
Research Center (Atlanta, GA), New England Primate Research Center (Southborough, 
MA), Texas Primate Center (San Antonio, TX), and University of Pittsburgh (Pittsburgh, 
PA). All animals were housed at facilities accredited by the Association for the 
Assessment and Accreditation of Laboratory Animal Care, with all care and procedures 
following the guidelines set by the National Institute of Health and approved by Boston 
University’s Institutional Animal Care and Use Committee. Animals were tested on a 
battery of behavioral tasks to assess cognitive function (Herndon et al., 1997; Moore et 
al., 2005) (Herndon et al., 1997; Moor et al., 2005). Upon completion of behavioral 
testing, all monkeys received magnetic resonance imaging (MRI) scans with specific 
sequences to assess white matter integrity and to ensure no occult brain damage. 
Behavioral Assessment  
Animals used in this study were tested on a series of behavioral tasks to assess cognitive 
ability. The battery of tasks included the Delayed Non-Match to Sample (DNMS) task, 
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the Delayed Recognition Span Task (DRST), and the Category Set-Shifting Task 
(CSST). The DNMS task was composed of an acquisition segment to assess rule 
learning, followed by a test of short-term memory with 2-minute delays and 10-minute 
delays. The DRST task had two components, testing both spatial and object memory.  
Using a linear transformation of standardized scores derived from a principal 
components analysis (PCA), Herndon et al., (1997) determined that the DNMS 
acquisition, 2-minute delay and DRST-spatial were the best predictors of cognitive 
impairment. Using these three tasks, a Cognitive Impairment Index (CII) was generated 
as a measure of overall cognitive ability. The distribution of CII scores was plotted 
against the mean score of young unimpaired animals. Therefore, any animal with a 
standard deviation greater than 2 is categorized as highly cognitively impaired. Each of 
these tasks have been well established methods to assess different forms of cognitive 
function and are described in more detail below.  
The DNMS task is a benchmark for recognition memory assessment (Herndon et 
al., 1997; M. B. Moss, 1993). Acquisition of DNMS is conducted using a positive 
reinforcer in the center well of a testing board, then hidden by a sample object. The 
animal must learn to displace the sample object to obtain the reinforcer. The task is then 
extended by placing the sample object one of two lateral wells without a reinforcer, while 
a novel object is placed over the other lateral well with a reinforcer underneath. After a 
10 second delay, the animal is given a recognition trial to choose between the two 
objects, and is rewarded for choosing the novel object. The acquisition is administered 
for 10 trials a day until criterion is established by completing 90 correct responses in 100 
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consecutive trials. Following completion of the acquisition component, the delay interval 
between presentation of the sample object and the recognition choice is increased to 2 
minutes for 100 consecutive trials, and then to 10 minutes for another 100 trials. 
Performance analysis for DNMS acquisition is measured by the number of trials to 
criterion, and the number of errors. The delay components are measured by the percent 
correct for each of the delay trial sections.  
The DRST is another visual recognition assessment of short-term working 
memory, testing both spatial and object memory (Inouye et al., 1993; Moss et al., 1986). 
The spatial component of the task involves placing a reinforcer in one well of an 18 well 
board (3 x 6), then covering the well with a plain disc. The animal must first learn 
displace the disc in order to retrieve the reinforcer. Following this, the disc is placed back 
over the initial well, and a new disc is added to the board with a reinforcer underneath. 
To be rewarded, the animal must displace the second disc in the novel location. If an 
error is made, the trial is complete and a span of 1 is recorded. If the trial is successful, 
both discs are returned to their original locations and a new disc is added to the board. 
The trials continue until an error is made, and the span score is determined by the number 
of discs correctly identified by the novel spatial location. The object component of DRST 
is administered in the same format as the spatial condition, but replaces the plain discs 
with objects with distinctly different shapes. Following the same concept, objects are 
added to the board, and the animal is rewarded for choosing the novel object. Each task is 
administered for 10 trials a day until 100 trials are completed. Performance analysis for 
both spatial and object are measured by the total span of discs/objects prior to an error.  
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The CSST is a modified version of the Wisconsin Card Sorting Task (WCST) 
designed to assess execute function in humans (Moore et al., 2005). This task is 
administered using an automated testing apparatus with a touch screen to obtain a reward. 
Each trial uses 3 different objects that differ in color (red, green, blue) and shape 
(triangle, star, square). Initial testing involves rewarding animals for touching a red 
object, regardless of the object shape. Once the criterion of 10 consecutive correct trials is 
complete, the task reward criterion shifts to a new category, the shape of triangle, 
regardless of color. Following 10 consecutive correct trials, the task reward criterion 
shifts again, this time to blue, regardless of shape. The final shift is then to the star object. 
For all 4 set shifts, animals are given 60 seconds to complete a trial and undergo 80 trials 
per day, with an inter-trial interval of 15 seconds. Performance analysis is measured by 
the number of perseverative errors, the number of errors in which the animal continued to 
choose the previously rewarded concept following a set shift. The number of broken sets 
was also recorded, which is characterized by an animal making six to nine correct 
responses, then making an error prior to reaching criterion of 10 correct responses.  
Magnetic Resonance Imaging  
Upon completion of behavioral testing, all animals receive MRI scans to exclude occult 
brain damage or anatomical abnormalities. A subset of 10 animals also received diffusion 
spectrum imaging (DSI) scans to assess water diffusivity and white matter integrity. Post-
processing of DSI scans and white matter tracts were performed to evaluate structural 
connectivity of white matter tracts projecting through the anterior and posterior aspects of 
the cingulum bundle.  
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MRI scans were performed on an Achieva 3T whole body MRI scanner (Philips 
Healthcare, Best, The Netherlands), using an identical imaging protocol as previously 
reported (Koo et al., 2013). High-resolution T1-weighted images were acquired using a 
T1-weighted 3D-turbo field echo (TFE) sequence that was fully optimized to provide 
high signal to noise ratio (SNR) and high gray-white matter contrast at high resolution. 
DSI parameters were as follows: voxel size of 2mm iso-cubic, FOV = 160 mm, TR/TE 
3590ms/50ms, number of directions 128, multiple high b values with a total scan time of 
35 minutes. To reconstruct white matter tracts, we applied the average brain atlas of the 
rhesus monkey (Frey et al., 2011) with Paxinos anatomical definitions to the DSI scan 
(Koo et al., 2013). A Hanning filter and 3-dimensional Fourier transformation was 
applied to the DSI dataset to estimate white matter orientation distribution functions 
(ODF) at each voxel used. Subsequent streamline fiber tracking based on the ODF 
(Wedeen et al., 2008; Yeh et al., 2010) was performed between the cingulate and rest of 
the ROIs.  
Whole-brain connectivity information of the anterior (area 24) and posterior (area 
23) cingulate cortices were assessed based on followings parameters: 1) average of 
normalized quantitative anisotropy (NQA, Yeh et al., 2010) along all the cingulate tracts, 
and 2) the number of white matter tracts between cingulate cortex to the rest of ROIs. 
Proteomic Analysis of Cerebral Spinal Fluid  
Samples of cerebrospinal fluid (CSF) were acquired from a subset of ten animals and 
analyzed for proteomics using mass spectrometry. CSF samples were collected from the 
cisterna magna prior to perfusion, centrifuged at 250 x g for 10min and supernatant was 
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stored at –80ºC until further processing. 1ml samples were thawed from frozen aliquots 
and processed for protein isolation and digestion into peptides. Peptides were labeled 
with tandem mass tags (TMT; Pierce Inc.) for quantitative analysis. TMT labeling targets 
primary amines (peptide N terminus) and Lysine, providing an identification barcode for 
each sample. Samples were analyzed by tandem mass spectrometry for peptide 
identification and quantification using an Orbitrap fusion mass spectrometer (Thermo 
Scientific). Mass spectra were assigned to peptides using the Sequest algorithm (Thermo 
Scientific) and were filtered to a false discovery rate of <1%.  
Tissue Acquisition  
Brains were perfusion fixed with 4% paraformaldehyde as previously described 
(Giannaris and Rosene, 2012).  All tissue blocks were cryoprotected in graded glycerol 
solutions and flash-frozen in 2-methylbutane at –75ºC (Rosene et al., 1986). One 
hemisphere per animal was sectioned in the coronal plate into ten interrupted series, one 
of which was slide mounted and Nissl stained with 0.05% thionin.  Other series were 
collected in vials containing 15% glycerol in phosphate buffer (0.1 M, pH 7.4) and stored 
at –80 ºC until tissue from all subjects could be processed together as a single batch for 
immunohistochemistry. For batch processing, all sections were processed together using 
the same batch of reagents to minimize the possibility of procedural variance. The 
number of tissue sections used was determined by pilot experiments to calculate the 
average number of sections necessary for examination of the minimum number of cells. 
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PDGFRα/CC1 Immunohistochemistry and Analysis  
Evenly spaced sections representing every 80th section throughout the entirety of the 
brain were processed for PDGFRα/CC1 double-label immunohistochemistry. Tissue from 
each animal included equally spaced sections extending through the entire extent of each 
region of interest (ROI). All tissue was processed together in the same batch of reagents 
to minimize procedural variance. Double-label immunohistochemistry was performed 
sequentially for PDGFRα followed by CC1 (Figure 1A).  
Tissue processing started with multiple rinses with buffer to remove 
cryoprotectant solution. Subsequently, tissue was quenched with 3% hydrogen peroxide 
to remove endogenous peroxidases, and rinsed in buffer. Sections were then blocked in 
Super Block solution (Millipore, CA) for 1 hour prior to an overnight incubation in 
primary antibody (rabbit anti- PDGFRα, 1:500; Cell Signaling, Danvers, MA). Following 
primary incubation, tissue was rinsed in buffer and incubated in biontinylated secondary 
antibody for 1 hour. Tissue was then treated with an avidin-biotin complex (Vector Elite 
Kit; Vector Labs, Burlingame, CA) and visualized with 3,3-diaminobenzidine 
tetrahydrochloride (DAB; 0.05%, Sigma, St. Louis, MO). Completion of the PDGFRα 
staining was immediately followed by rinses in buffer solution. Tissue processing 
continued for CC1 with an additional rinse in Super Block solution and an overnight 
incubation in primary antibody (mouse anti-APC/CC1, 1:500; Calbiochem EMD 
Millipore, Billerica, MA). Tissue was subsequently rinsed in buffer, incubated in 
biotinylated secondary antibody, and treated with the avidin-biotin complex. Final 
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processing visualized CC1 with Vector SG peroxidase substrate (Vector Labs, 
Burlingame, CA) before tissue was mounted onto glass slides and coverslipped.  
Cytoarchitectural Boundaries for the Cingulum Bundle and Corpus Callosum  
To examine potential changes in oligodendrocyte populations between distinct 
anatomical regions, and also along the entire rostro-caudal anatomical gradient, tissue 
sections were selected based on cytoarcitectural boundaries. The genu and anterior aspect 
of the cingulum bundle were grouped as the anterior regions of interest (ROIs), and the 
posterior ROIs contained the splenium and posterior aspect of the cingulum bundle. 
Anterior ROIs included sections beginning at the start of the genu and extending to 
sections at the level of the arcuate sulcus (Figure 1B, C). Posterior ROIs began at the 
level of the inferior parietal sulcus and extended to the end of the splenium (Figure D, E). 
Each tissue section contained one region of corpus callosum (genu/splenium) with the 
cingulum bundle located as the boundary on the dorsal surface. Anatomical boundaries 
used for histological analysis was also applied to MRI image selection of corresponding 
sections.   
Stereologic Analysis  
Tissue from twenty-six animals was used for stereological analysis using the optical 
fractionator method to estimate the total number of PDGFRα+ OPCs and CC1+ mature 
oligodendrocytes. Regions of interest were outlined using a 4x Nikon Plan objective, and 
cell counts conducted with a 60x Nikon Plan oil objective. Counts were performed blind 
with respect to age, sex, and cognitive ability. All analyses were done with a Nikon 
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Eclipse E600 microscope (Nikon; Melville, NY), LEP motorized stage and 
StereoInvestigator software (11.01.2 64bit; MicroBrightField; Williston, VT). Using the 
optical fractionator, the total cell count estimations are generated based on the equation: 
N = ΣQ *(1/tsf)*(1/asf)*(1/ssf), using the fraction of sections throughout the region of 
interest (ssf), the fraction of the sampled area of each section (asf), and the fraction of the 
section thickness (tsf) (West et al., 1991). Counting site spacing was determined based on 
the area of analysis. In the anterior regions, the anterior aspect of the cingulum bundle 
had a grid size of 300 by 300µm with a 50 by 50µm counting frame, and the genu had a 
grid size of 500 by 500µm with a 50 by 50µm counting frame. In the posterior regions, 
the posterior aspect of the cingulum bundle had a grid size of 500 by 500µm with an 80 
by 80µm counting frame, and the splenium had a grid size of 500 by 500µm with a 100 
by 100µm counting frame. Counts for PDGFRα+ OPCs and CC1+ mature 
oligodendrocytes were conducted within a 10µm dissector, with a guard zone of 1µm on 
the top surface of the section, with the remainder of the section volume as the bottom 
guard zone. The stereological parameters employed for sampling of each region of 
interest are provided in Table 2.  
Based on the principles of stereology, 7-10 equidistant sections should be used for 
sampling. Due to the anatomical separation of our ROIs into anterior and posterior 
extents, these sections were not always available. To circumvent this problem, the 
frequency of sampling sites within each section was increased to generate the total 
estimate, and to minimize variance. These parameters were determined based on pilot 
studies, and ensured that for all ROIs, the CE (m=1) was <0.1. The criterion for counting 
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OPCs was the presence of DAB-peroxidase substrate in the perinuclear cytoplasm of the 
cell. Mature oligodendrocytes were counted based on the presence of blue substrate in the 
soma of the cell.  
Further stereologic estimations were conducted for twenty-four animals with 
available Nissl counterstained sections (Table 1). Evenly spaced sections representing 
every 50th section throughout the entirety of the anterior cingulum was used for glial cell 
quantification. Therefore, 7-10 equidistant sections were available for stereological 
sampling. The total number of glial cells was estimated using the optical fractionator 
using a grid size of 500 by 500µm with an 80 by 80µm counting frame. Parameters for 
Nissl glial cell counts are also reported in Table 2.  
Estimation of Volume  
Additional analysis was performed using the Cavalieri estimator to measure white matter 
volume within each region of interest. Using the StereoInvestigator software, a 100 x 
100µm sampling grid was superimposed on the outlined ROI for each section at a 4x 
magnification. The volume estimates for each ROI was calculated individually to assess 
volume changes within each structure. Volumetric measures along the entire anatomical 
gradient (anterior and posterior) were also combined to generate total volume estimation 
along the entire extent of the corpus callosum and cingulum bundle. One in every 80 
sections, each 30µm thick, was analyzed, yielding a distance of 2.4 mm between sections 
and 6-8 sections per subject. 
Volume analysis for the anterior cingulum of Nissl stained sections was also 
assessed with the Cavalieri estimator using similar to the parameters as the 
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PDGFRα/CC1 immuno-stained sections. Volume estimations were gathered using a 100 
x 100µm sampling grid superimposed on the outlined ROI at a 4x magnification. For the 
Nissl sections, one in every 50 sections was used for analysis to increase the sampling 
fraction, yielding a distance of 1.5 mm between sections, and 7-10 sections per subject.  
Statistical Analysis  
The associational strengths between age and cell counts were analyzed using a linear 
regression followed by analysis between the age groups and each cell count using one-
way ANOVAs. Age and volume associations were also assessed with a linear regression 
and ANVOA, while age associations with cell density were analyzed with ANOVA. 
Correlations between cognitive impairment scores and cell counts were analyzed with a 
linear regression and Student’s t-tests. CII and volume was assessed with a linear 
regression and Student’s t-tests, and cell densities were analyzed with Student’s t-tests. 
To determine relationships between sex and cell count, volume, and cell densities, all 
analyses were conducted with Student’s t-tests. Statistical tests were performed using 
GraphPad Prism (version 6 for Mac OS X, GraphPad Software, La Jolla, CA) with the 
minimum significance level set at p < 0.05.  Additional multiple regressions were 
conducted for all comparisons using JMP Pro 12 (version 12.0.1 for Mac, SAS Institute 
Inc., Cary, NC), with significant associations reported.  
Results 
Tissue from 26 monkeys, aged 7.6 to 27.6 was processed for PDGFRα/CC1 
double-label immunohistochemistry to quantify the number of OPCs and mature OLs 
within the white matter tracts of the corpus callosum and cingulum bundle. Analyses on 
	  	  
144 
the cell counts, volume and cell density were determined for each ROI and reported 
based on correlations with age, cognitive impairment and sex. MRI scans were available 
from 10 animals, aged 7.6 to 25.4, for analyses of structural white matter connectivity 
and measures of diffusion. CSF samples were also gathered from 10 animals, aged 8.1 to 
27.5, for an exploratory analysis of the systemic environment between aged and 
cognitively impaired animals.  
Limited Age-Related Changes in OPCs and Mature Oligodendrocytes  
Cell Counts 
A linear regression was used to determine the relationship between age and each cell 
count. Both PDGFRα+ cells and CC1+ cells demonstrated no correlation with age in the 
anterior cingulum (PDGFRα: p = 0.8144, CC1: p = 0.4002) and genu (PDGFRα: p = 
0.3218, CC1: p = 0.1327). In the posterior regions, there was also no correlation with age 
in the posterior cingulum (PDGFRα: p = 0.1629, CC1: p = 0.5573) or splenium 
(PDGFRα: p = 0.3059, CC1: p = 0.1455).  
Further analyses were conducted on individual cell types and between the three 
age groups (young, middle, old). In the anterior cingulum, a one-way ANOVA indicated 
no significant differences between age groups for both PDGFRα+ cells (p = 0.0790) and 
CC1+ cells (p = 0.1908). In the genu, a one-way ANOVA reported no significant 
differences between age groups for both PDGFRα+ cells (p = 0.2614) and CC1+ cells (p 
= 0.1827). The posterior regions showed a similar trend with one-way ANOVAs 
reporting no significant differences between age groups in the posterior cingulum for 
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both PDGFRα+ cells (p = 0.4641) and CC1+ cells (p = 0.8901) and also in the splenium 
for both cell types (PDGFRα: p = 0.2096, CC1: p = 0.2513).  
Volume 
An important consideration when examining cell counts is the volume of each ROI being 
assessed. Age-associated changes in volume, may reflect changes in cell density, rather 
than a change in total cell number due to overall volume measures. A linear regression 
was used to determine the relationship between age and volume. Linear regression 
indicates no correlation of age with volume in the anterior cingulum (p = 0.6828) or genu 
(p = 0.5397). However, one-way ANOVAs indicated a significant decrease in volume 
between middle age and old animals in the anterior cingulum (p = 0.0132), but no 
changes in the genu (p = 0.2162). Linear regressions in the posterior ROIs report no 
correlation of age with volume in the posterior cingulum (p = 0.2667) and splenium (p = 
0.9693). Further one-way ANOVAs also report non-significant differences in volume 
between age groups (p = 0.3858) in the posterior cingulum and splenium (p = 0.3017).  
Cell Density 
To determine if cell density is changed with age, the total estimated number of cells was 
divided by the volume generating a density of cells per mm3. A one-way ANOVA 
between age groups indicate no significant difference in PDGFRα density (p = 0.9693) or 
CC1 density (p = 0.2718) in the anterior cingulum. In the genu, there was a significant 
difference in CC1 density (p = 0.0295) but not in PDGFRα density (p = 0.3599). The 
posterior cingulum demonstrates no significant changes in PDGFRα (p = 0.5559) or CC1 
(p = 0.8774) density. The splenium also has no significant differences in CC1 density (p 
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= 0.9989), but a non-significant trend towards a decrease with age in PDGFRα density (p 
= 0.0688). Therefore, there is no age-related change in volume in the anterior cingulum, 
genu, posterior cingulum, and splenium, but the density of CC1 oligodendrocytes in the 
genu is decreased, but only between young and middle aged animals as indicated by 
multiple comparisons.  
Increased Oligodendrocyte Number and Volume in Cognitive Impaired Animals  
Cell Counts 
Linear regression was performed to assess the relationship between cognitive impairment 
and OPC and mature OL cell populations. In the anterior ROIs, both PDGFRα+ cells and 
CC1+ cells demonstrated no significant correlation with CII in the anterior cingulum 
(Figure 2A; PDGFRα: p = 0.1591, CC1: p = 0.3989) and genu (PDGFRα: p = 0.9419, 
CC1: p = 0.8991). In the posterior ROIs, there was a trend towards an increase in 
PDGFRα+ cells (p = 0.0702) in the posterior cingulum with impairment, but no 
correlation in CC1+ cells (p = 0.2373). In the splenium, both PDGFRα+ cells and CC1+ 
cells demonstrated no correlation with CII (PDGFRα: p = 0.4728, CC1: p = 0.4793). As 
age and CII scores are positively correlated, we performed multiple regressions using 
standard least squares analysis to examine interactions between age, CII and cell counts, 
but no significant correlations were found in any of the ROIs. 
While linear regressions can be a useful analysis to determine correlations 
between impairment levels and cell counts, for this study, the CII score is best 
categorized into impaired and unimpaired groups, rather than as a continuous variable. 
When analyzed as a continuous variable, the five animals with highest CII scores can 
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skew the linear regression and remove a significant effect. Therefore, analysis between 
unimpaired (CII < 2.0) and impaired groups (CII > 2.0) was also compared to each 
oligodendrocyte cell population (Figure 2 C, D). In the anterior cingulum, Student’s t-test 
determined a significant increase in PDGFRα+ cells in the impaired group (Figure 2C; p 
= 0.0044) and also in CC1+ cells (Figure 2C; p = 0.0327). In the genu, Student’s t-test 
indicated no significant differences in PDGFRα+ cells (p = 0.3010) or CC1+ cells (p = 
0.5052). Student’s t-tests were also used in the posterior ROIs. These results indicate that 
the posterior cingulum had no difference between impairment groups in PDGFRα+ cells 
(p = 0.1250) and CC1+ cells (p = 0.5903); in addition, no differences were found in the 
splenium for PDGFRα+ cells (p = 0.3794) and CC1+ cells (p = 0.8861). These analyses 
reveal an increase in both PDGFRα+ cells and CC1+ cells only in the anterior cingulum, 
but not in the genu, posterior cingulum or splenium.   
Volume 
Linear regression was used to determine the relationship between impairment and 
volume. These analyses indicate no correlation of CII with volume in the anterior 
cingulum (p = 0.2815), genu (p = 0.7427), posterior cingulum (p = 0.2485), and splenium 
(p = 0.6573). When using a Student’s t-test, there is a significant increase of volume in 
the anterior cingulum in the impaired group (Figure 2B; p = 0.0250), but not in the genu 
(p = 0.2147). In the posterior ROIs, Student’s t-test indicated no volume difference in the 
posterior cingulum (p = 0.4534) and splenium (p = 0.4903). These data report an 
impairment-related increase in volume in the anterior cingulum, but not the genu, 
posterior cingulum, or splenium.   
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Cell Density 
The cell density was determined for each impairment group. Student’s t-test between 
impairment groups indicates no significant difference in PDGFRα (p = 0.1812) or CC1 (p 
= 0.5314) cell densities in the anterior cingulum. In the genu, there were no significant 
differences in the densities of PDGFRα (Figure 2E; p = 0.6127) or CC1 (Figure 2F; p = 
0.2156). Analyses in the posterior ROIs also indicate an absence of differences in cell 
densities in the posterior cingulum (PDGFRα: p = 0.6430, CC1: p = 0.9844) and 
splenium (PDGFRα: p = 0.5960, CC1: p = 0.4648). These analyses suggest that in the 
anterior cingulum, there is an increase in cell count with a corresponding increased 
volume, resulting in no change in cell density. However, all other analyzed ROIs do not 
demonstrate any changes in cell count, volume or density.  
Restricted Sex-Effects in Oligodendrocyte Cell Numbers and Volume 
Cell Counts 
This study uses tissue from both male and female animals, therefore it is important to 
check for sex-differences. In the anterior ROIs, t-tests determined no significant cell 
count alterations between sexes in the anterior cingulum (PDGFRα+ cells: p = 0.4142, 
CC1+ cells: p = 0.6221) and the genu (PDGFRα+ cells: p = 0.6022, CC1+ cells: p = 
0.7809). In the posterior ROIs, we also saw no differences between cell counts and sex in 
the posterior cingulum (PDGFRα+ cells: p = 0.9632, CC1+ cells: p = 0.1107) and 
splenium (PDGFRα+ cells: p = 0.6789, CC1+ cells: p = 0.4428). These results 
demonstrate that there is no sex effect on the number of PDGFRα and CC1 
oligodendrocytes in all examined ROIs.  
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Volume 
A t-test was used to determine the relationship between sex and volume. This analysis 
indicates no difference of sex on volume in the anterior cingulum (p = 0.9819), genu (p = 
0.5660), or splenium (p = 0.5543). However, there was a significant increase in the 
posterior cingulum (p = 0.0352) of male animals. Therefore, these data report that sex has 
no effect on volume in the anterior cingulum, genu, and splenium, but it does have an 
effect in the posterior cingulum.  
Cell Density 
Cell densities were determined for both the male and female groups in each ROI. 
Student’s t-test between males and females indicate no significant difference in PDGFRα 
(p = 0.2666) or CC1 densities (p = 0.1515) in the anterior cingulum. In the genu, there 
was also no significant difference in PDGFRα density (p = 0.4879) or CC1 density (p = 
0.6361). In the posterior cingulum, there was no difference in PDGFRα density (p = 
0.1124), but a significant increase in CC1 density in males (p = 0.0012). In the splenium, 
there were no significant differences between males and females for PDGFRα (p = 
0.5171) or CC1 densities (p = 0.9443). These results suggest that in the anterior 
cingulum, genu and splenium there is no sex difference in PDGFRα or CC1 cell density. 
However, in the posterior cingulum, there is a sex effect on CC1 cell density, with an 
increase in males, but no effect on PDGFRα cell density. Overall, this suggests that our 
cohort is largely homogenous with regards to sex and the data can be examined as a 
pooled population.  
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Correlations with Cognitive Function on Behavioral Tasks   
Statistical analyses to determine correlations between OPC and OL cell counts with 
performance on each component of the DNMS, DRST and CSST tasks were assessed 
using linear regressions. No significant correlations were found, suggesting that cell 
counts cannot be used to infer performance on specific cognitive tasks, and that cognitive 
performance is not predictive of oligodendrocyte cell numbers. The effects of age, 
cognitive impairment and sex have been considered for each of the behavioral 
assessments administered for this study. The analysis of specific tasks can provide further 
insight on the ongoing cognitive function in the cohort, but also highlight additional 
influences that may contribute to behavioral components that were previously 
unconsidered.  
DNMS: In Figure 3A, linear regression analysis of the acquisition component of the 
DNMS task indicated a trend towards significance for trials (p = 0.08) and errors (p = 
0.09) demonstrating an increase with age. Using one-way ANOVAs, no age-effects were 
found for acquisition trials and errors, 2 minute delays, 10 minute delays, and mixed 
delays. Further analysis with CII resulted in a significant impairment-related increase in 
acquisition trials (p < 0.001) and errors (p < 0.001) as determined by a linear regression 
(Figure 3B). Student’s t-tests comparing unimpaired and impaired groups confirmed 
these findings with significantly more trials (p = 0.0009) and errors (p = 0.0026) for the 
impaired animals during DNMS acquisition. No further effects of impairment were found 
for the DNMS delay conditions. To assess potential sex differences on the DNMS task, 
Student’s t-tests were performed and report a significant increase in percent correct in 
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males for 2-minute delays (p = 0.0091) and a trend toward significance for 10-minute 
delays (p = 0.056). No additional sex effects were detected for DNMS acquisition or 
mixed delays.  
For correlations with oligodendrocyte numbers, we focused on OPC and OL cell 
counts in the anterior cingulum as this region demonstrated the impairment-related 
changes. Analyses using standard least squares multiple regression among age, CII, cell 
counts, and behavioral results, revealed that CII was the strongest predictor of DNMS 
acquisition performance. Whereas CII accounted for 95% of the variance in DNMS 
acquisition trials (Figure 4A) and 93% of errors (Figure 4B), the total number of 
PDGFRα and CC1 cell counts accounted for small, non-significant amounts of variance. 
For DNMS mixed delays, a similar trend was seen with CII accounting for 23% of the 
variance, but age and oligodendrocyte cell counts contributing small, non-significant 
amounts to the overall variance. No significant correlations were found between CII, age, 
or cell counts for the remaining DNMS delay conditions.  
DRST: For DRST analysis, linear regression determined a significant age-related 
decrease in performance for both spatial (p = 0.0056) and object (p = 0.0275) conditions 
(Figure 3C). More specifically, a one-way ANOVA revealed that the significant effect 
was between young and old animals for spatial (p = 0.0133) and object (p= 0.0488) 
conditions indicating lower spans in the old animals. To examine the effect of CII score 
on performance, a linear regression specified a significant impairment-related correlation 
on the spatial condition (p = 0.0294), but only a trend toward significance for the object 
context (p = 0.0802) (Figure 3D). While not significant, this trend was also seen with a t-
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test between impaired and unimpaired animals on the spatial condition (p = 0.0698), with 
impaired animals having a lower span. Student’s t-test did not detect any effect of CII on 
the object condition. While the analysis for the spatial condition did not reach 
significance, it is possible that a larger cohort of animals could reach the threshold for 
significance. Analyses for a sex effect on both the DRST spatial and object indicate no 
significant differences on performance between males and females.  
Multiple regressions with OPC and OL numbers in the anterior cingulum using 
standard least squares multiple regression revealed that CII and age were the strongest 
predictors of performance on the DRST spatial (CII: 18%, Age: 29%) and object spans 
(CII: 12%, Age: 21%), with age contributing the most to the variance (Figure 4C,D). 
PDGFRα and CC1 cell counts accounted for small, non-significant amounts of variance 
to these tasks. No further significant correlations were found between CII, age, or cell 
counts for the DRST spatial and object perseverative errors.  
CSST: Performance analysis on the CSST revealed no effect of age on perseverative 
errors or broken sets (Figure 3E). A linear regression demonstrated a significant 
correlation between impairment on perseverative errors (p = 0.0387), but no significant 
correlation with the number of broken sets (Figure 3F). When animals were separated 
into unimpaired and impaired groups, there was no significant difference based on 
impairment as determined by t-tests. Interestingly, t-tests between males and females 
indicated a trend towards significance for perseverative errors (p = 0.0558) and 
significance for broken sets (p = 0.0014), with males demonstrating a decreased number 
of errors and broken sets (data not shown).  
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Multiple regressions with age, CII and cell counts from the anterior cingulum 
revealed that CII was the strongest predictor of performance on the CSST task accounting 
for 17% of variance for perseverative errors (Figure 4E). No further significant 
correlations were found between CII, age, or cell counts for the CSST broken sets (Figure 
4F).  
Overall, the assessment of individual cognitive tasks reveals the strong correlation 
between age, cognitive impairment, and task performance. While these factors are known 
to be highly correlated, our results highlight the importance of distinguishing the 
difference between the variables. Furthermore, these results demonstrate that the number 
of oligodendrocytes is not predictive of performance on these cognitive tasks and may 
rather highlight more subtle changes in the white matter that precede significant changes 
in cognitive performance.  
Increase in Total Glial Cell Number and Volume on Nissl Sections  
The intriguing finding of increased OPCs, OLs and overall volume in the anterior aspect 
of the cingulum bundle warranted further investigation of the total glial cell population. 
The increased oligodendrocyte counts correspond with an increase in volume resulting in 
no overall change in the density of the OPC and OL populations. We aimed to confirm 
the impairment-related volume increase using adjacent tissue sections processed with a 
Nissl counterstain. Tissue was analyzed from 24 of the original 26 animals with available 
Nissl sections. These sections allowed us to quantify the total number of glial cells within 
this ROI in addition to gathering volumetric data. Our results corroborate our initial 
PDGFRα/CC1 immuno-staining results with a Student’s t-tests indicating a trend toward 
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an increase in volume in impaired animals (p = 0.06) and a significant increase in the 
total estimated number of glial cells (p = 0.003). These findings confirm that the trend 
toward an increase in volume with impairment with a corresponding increase in total glial 
cell number, which may be driven by an increase in OPCs and OLs.  
Increased Oligodendrocytes in Regions with Low White Matter Connectivity  
Diffusion MRI scans were completed on 10 monkeys, aged 7.6 to 25.4, and post-
processed for structural white matter connectivity and normalized quantitative anisotropy 
(NQA), a measure of water diffusivity in the tract. Analyses were conducted between the 
anterior and posterior extents of the cingulum bundle, and correlated with age, CII, and 
total number and density of PDGFRα/CC1 cells.  
Cell count analyses revealed a negative correlation between the number of 
structural white matter connections and PDGFRα+ OPCs (p = 0.036) and CC1 OLs (p = 
0.030) (Figure 5A). CC1+ OL cell density also demonstrated a trend toward negative 
correlation with the number of structural connections (p = 0.082), but this trend was not 
seen with PDGFRα+ OPC cell density (Figure 5C). We further examined the NQA, 
commonly interpreted as a measure for myelin integrity, and again, found a trend towards 
a negative correlation with CC1+ OL cell counts (p = 0.085), but no correlation with 
PDGFRα+ OPC cells (Figure 5E). An additional trend towards a negative correlation was 
found between CII scores and the number of structural white matter connections (p = 
0.075) passing through the cingulum bundle to/from the anterior cingulate gyrus. In the 
posterior cingulum, no significant correlations were found between the number of 
structural white matter connections and the PDGFRα+ OPC cell and CC1+ OL cell 
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counts (Figure 5B). These results suggest that higher numbers of PDGFRα+ OPCs and 
CC1+ OLs are found in regions with low structural white matter connectivity. 
Furthermore, increased numbers of OLs are found in regions with low NQA, potentially 
as a repair mechanism for poorly myelinated segments. Overall, fewer structural white 
matter connections are found in the anterior cingulum of animals with high CII scores 
raising questions of causality of cognitive impairments.  
Proteomic Analysis of Cerebral Spinal Fluid  
Samples of cerebral spinal fluid (CSF) were collected from 10 monkeys, aged 8.1 to 27.5, 
and processed using multiplexed quantitative proteomics. Within this small cohort, 
animals were separated into three groups: young, cognitively unimpaired (n = 3), old, 
cognitively unimpaired (n = 3), and old, cognitively impaired (n = 4). Groups were used 
to distinguish differences in the systemic environment that change with age and cognitive 
impairment.  
We quantified a total of 1,766 proteins in which 261 were significantly different 
between the three groups. One-way ANOVA was conducted with statistical significance 
set at p < 0.05 with a reported false discovery rate (FDR) of 30% following multiple 
comparisons. The high FDR is for this data set may be a result of the small sample 
number used for this experiment. However, as an exploratory review of the CSF, we 
continued to examine the changes within the age and impairment categories. Of the 
proteins with age-related changes, 25 proteins decreased in protein abundance (Supp. 
Table 1) while 39 increased in protein abundance (Supp. Table 2). Cognitive impairment 
also contributed to protein regulation as observed with decreased protein abundance in 
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114 proteins (Supp. Table 3) and the up-regulation of 22 proteins in animals categorized 
as cognitively impaired (Supp. Table 4).  
To further understand the classification of regulated proteins changed with age or 
impairment, we performed gene set enrichment analysis. Due to the lower numbers of 
proteins changed with age and up-regulation with impairment, gene set enrichment was 
only performed on proteins that were down-regulated with impairment. This analysis 
determined that proteins could be classified into 22 gene ontology categories, with the 
most relevant to this present study including neuron development, differentiation and 
projection, axonogenesis and axon guidance (Figure 6A). Of these categories, 
axonogenesis and axon guidance displayed the most overlap in protein identification in 
proteins down-regulated with impairment, including the Netrin receptors Deleted in 
Colorectal Cancer (DCC, p = 0.0267, Figure 6B) and Uncoordinated-5 homolog 
(UNC5B, p = 0.0346), Roundabout-axon guidance receptor 1 (ROBO1, p = 0.0459, 
Figure 6C), SLIT and NTRK-like protein 4 (SLITRK4, p = 0.0188, Figure 6D), Ephrin-
A5 (EFNA5, p = 0.0054, Figure 6E), Contactin-4 (CNTN4, p = 0.0292, Figure 6F), and 
Neurofascin (NFASC, p = 0.0135, Figure 6G). 
Discussion  
Summary of Results   
This study demonstrates a significant increase in PDGFRα+ OPCs and CC1+ OLs in the 
anterior segment of the cingulum bundle in cognitive impaired animals. We also report a 
corresponding increase in the total volume of the anterior cingulum in impaired animals, 
which is supported by an increase in the total number of glial cells in the region. While 
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OPCs and OL cell counts were not predictive of performance on specific cognitive tasks, 
changes in oligodendrocyte cell populations may provide an early indication of ongoing 
changes in the white matter that precede significant cognitive decline. MRI analyses of 
structural white matter connectivity in the anterior cingulum bundle found correlations 
between high oligodendrocyte cell counts in regions with low white matter connectivity. 
Low structural connectivity was also present in animals with high cognitive impairment. 
Finally, examination of the CSF from a subset of animals indicates that proteins 
specifically involved in axonogenesis and axon guidance have down-regulated protein 
abundance in cognitively impaired animals.  
Oligodendrocyte Changes with Age and Cognitive Impairment  
While oligodendrocytes have been shown to continuously proliferate in the adult brain of 
rodents, primates and humans, this process appears to occur at low rates (Peters et al., 
1991; Yeung et al., 2014; Young et al., 2013). As a result, the total accumulation of 
oligodendrocytes over the lifetime appears to balance out the rate of cell death resulting 
in non-significant changes in cell number with age. Our study was designed to distinguish 
the differences between aging and cognitive decline, a process that typically has a high 
correlation with age. Interestingly, while there were no large age-related changes in the 
number oligodendrocytes, we found an increase in both OPC and OL cell counts in the 
anterior cingulum of impaired animals. This increased cell number, was not reflected in 
an increase in cell density however, as we also found a parallel increase in the volume of 
the anterior cingulum. The volume increase in the anterior cingulum was confirmed by 
looking in adjacent sections processed with a Nissl counterstain. Quantification of glial 
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cells in the Nissl sections also revealed an increased trend in the number of glial cells in 
impaired animals, a factor that may be driven by the increase in oligodendrocytes as these 
are the most numerous glial cells in the white matter. However, the glial cell count may 
also reflect an increase in microglia, which increase with age in the cingulum bundle, and 
also correlate with cognitive function (Bowley et al., 2010). Further analysis between 
sexes did not reveal significant differences between males and females in most ROIs, 
apart from in the posterior cingulum, where there was an increase in volume for males 
and increased CC1+ OL cell density. Generally, this effect suggests that there is not a 
large difference between both sexes in the number of oligodendrocytes, allowing for 
males and females to be grouped together. Overall, in this present study, the largest 
effects on oligodendrocytes were seen specifically in the anterior cingulum of cognitively 
impaired animals implying that oligodendrocyte alterations in this region may reflect 
changes that impact ongoing cognitive function.  
In previous studies with non-human primates, Peters et al., found evidence of an 
age-related increase in numbers of oligodendrocytes in the visual cortex ( Peters et al., 
2008) with specific layers such as layer 4Cβ demonstrating a 50% increase in the number 
of oligodendrocytes with age (Peters and Sethares, 2004). Additional regions have also 
shown age-related increases in the frequency of oligodendrocytes including the optic 
nerve (Sandell and Peters, 2002) and fornix (Peters et al., 2010), but not the anterior 
commissure (Sandell and Peters, 2003). These increases in oligodendrocytes are 
concordant with findings of increased myelin internodes with age. Ultrastructural 
changes in myelin composition including debris inclusions, redundant myelin, and myelin 
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ballooning have also been seen in the aging primate. Bowley et al., (2010) reported an 
increase in the number of altered myelinated nerve fibers in the corpus callosum and 
cingulum bundle. While increased frequency of degenerative changes in the myelin 
sheaths was evident with age, only alterations in the cingulum bundle, and not the corpus 
callosum, correlated with declining cognitive function, confirming the more specialized 
role of the cingulum in cognitive performance. The findings in this present study do not 
demonstrate an age-related increase in oligodendrocytes, however, we were able to 
distinguish between an age-effect and an impairment-effect, suggesting that some of the 
previously mentioned age correlations may have a been attributed to cognitive 
impairment status.  
Peters, (2009) proposed an overall mechanism of cognitive decline resulting from 
oligodendrocyte dysfunction. The initiation of this mechanism begins with 
oligodendrocyte dysfunction causing gradual demyelination of myelin internodes formed 
by the oligodendrocyte. As a result of demyelination, local OPCs proliferate and 
differentiate into myelinating OLs that participate in remyelination generating distinct 
myelin sheaths that are shorter and thinner, resulting in an increase in paranodal profiles 
(Prineas and McDonald, 1997). While these paranodal profiles are frequently used to 
describe newly generated myelin segments, a more recent study by Powers et al., (2013) 
demonstrated that after longer recovery periods, newly remyelinated fibers have 
comparable internode length and thickness as developmentally myelinated axons. It 
remains plausible that remodeling of myelin segments along the axon generates changes 
in axonal communication resulting in slower conduction rates along the nerve fiber and 
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consequently, disrupting the timing of neuronal circuits resulting in cognitive 
impairments. This process could be a potential mechanism of action occurring in 
impaired animals, regardless of age, and may explain the increase of oligodendrocytes 
seen in cognitively impaired animals in this study.  
Studies of neurodegenerative diseases in humans such as ALS, have indicated that 
OPCs and OLs proliferate and differentiate at a faster rate in these disease models, even 
before disease onset. In animal models of ALS, the OLs express mature markers, but the 
expression of specific myelin proteins such as myelin basic protein (MBP) are reduced, 
suggesting that the functional myelin-generating response of these oligodendrocytes is 
impaired. Furthermore, the total number of oligodendrocytes is not changed during the 
progression of disease indicating that the increased rate of proliferation is 
counterbalanced by increased cell death (Philips et al., 2013). Insight into these diseases 
highlights the dysfunctional role of oligodendrocytes that may further exacerbate poor 
myelin formation. The increased OPCs and OLs in cognitive impaired animals in our 
study may be a result of unregulated proliferation and differentiation resulting in an 
increase in oligodendrocyte cell number.  
Correlations with Behavioral Assessments  
The cognitive impairment index (CII) score is calculated based on performance on a 
subset of cognitive tests including DNMS acquisition, DNMS 2 minute delays and DRST 
spatial. As a global assessment of overall cognitive ability, performance on these tasks is 
not necessarily reflective of neurobiological changes specifically within restricted brain 
regions. It is expected that we see a high correlation between CII and specific 
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components of the cognitive tasks, as performance on these tasks is used to generate the 
CII score. This present study is interested in correlating performance with 
oligodendrocyte cell counts, however, it is important to consider the impact of age and 
sex on cognitive performance as these variables may alter overall assessments. 
Multiple regression analyses were performed to reveal the strongest predictors of 
cognitive performance amongst these different variables (oligodendrocyte cell count, CII 
and age). Performance on the DNMS acquisition task is highly correlated with CII scores, 
while for DRST, age was the strongest predictor of performance for both the spatial and 
object components. Performance on the CSST had the lowest correlation with any 
specific variable, but CII was the strongest predictor of performance. Overall, age and CII 
score provided the strongest associations with cognitive performance, while OPC and OL 
cell counts had non-significant correlations to cognitive performance. These age-related 
cognitive deficits detected in our behavioral testing battery likely reflect global changes 
within the brain with many factors affecting cognitive aging.  
The DNMS and DRST tasks have long been considered assessments of 
recognition memory conventionally involving the hippocampus. Involvement of this 
structure in memory recall and retrieval is further supported by studies demonstrating 
damage to the hippocampus resulting in poorer performance on these tasks. However, the 
hippocampus has many direct and indirect connections to multiple brain regions such as 
the amygdala, entorhinal cortex, cingulate cortex, and prefrontal cortex (Aggleton et al., 
2015; Rosene and Van Hoesen, 1977; Saunders et al., 1988), with some of these regions 
connected by the cingulum bundle. As a result, these other structures likely contribute to 
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performance on these tasks, and changes in performance may be a result of alterations in 
these structures, or, pertaining more specifically to this study, the connections between 
these regions. This interpretation is supported by studies demonstrating that damage to 
the prefrontal cortex also impairs performance on the DNMS task, thereby highlighting 
the connections with the hippocampus (Moore et al., 2012). Furthermore, the CSST is 
primarily considered a test of executive function, largely implicating the prefrontal 
cortex. However, given the multiple aspects of cognition assessed in this tasks, including 
acquisition, rule learning, set-shifting, and response suppression, it is likely that other 
cortical areas such as the hippocampus and entorhinal cortex are also involved, also 
emphasizing the pathways connecting these regions.  
Therefore, neural changes in specific brain structures may not be reflective of 
overall performance on the tasks included in our testing battery. While the results from 
this present study demonstrate impairment-related alterations of oligodendrocyte cell 
numbers in the anterior region of the cingulum bundle, this segment of white matter is 
only one component of the multiple tracts and structures contributing to overall cognitive 
performance. Despite the importance of the cingulum bundle in cognitive processing, 
oligodendrocyte alterations in this specific region is not predictive of overall cognitive 
performance, but may reflect subtle changes within white matter tracts. Cognitive tasks 
assessing the function of specific regions connected by the anterior cingulum may reveal 
changes in performance due to changes in oligodendrocytes and white matter 
connectivity in this region.  
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Volume Changes in White Matter  
Volumetric analysis and structural connectivity in white matter tracts in the brain have 
been conducted using MRI, particularly with diffusion tensor imaging (DTI). Across 
many DTI studies of normal aging, there appears to be a decrease in the fractional 
anisotropy and increases in measures of diffusivity with age. These findings are 
suggestive of a decline in the composition and integrity of white matter (Madden et al., 
2009; Sullivan and Pfefferbaum, 2006). These MRI findings are corroborated by 
histological data revealing evidence of axon degeneration, loosely packed myelin, 
redundant myelin, and inclusions within the glial cells and myelin sheaths (Bowley et al., 
2010; Peters, 2002). While it is possible that ultrastructural changes such as loosely 
packed myelin and myelin ballooning result in an increased volume, stronger evidence 
for a volume increase may result from the increase in total number of glial cells within 
aged and impaired animals. Within the aging brain, there is an increase in astrocytes and 
microglia which become activated in response to the local environment, specifically to 
cytokines or other inflammatory molecules that increase in the aging brain (Lucin and 
Wyss-Coray, 2009). In addition to known increases in astrocytes and microglia, this 
present study quantified a specific increase of OPCs and OLs in impaired animals, further 
contributing to the total glial population increase. However, it remains unresolved if the 
increase in oligodendrocyte is a result of an anatomical increase in volume in impaired 
animals, or if the oligodendrocytes and total glial cell population are driving an increase 
in volume.  
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White Matter Pathways of the Cingulum Bundle and Corpus Callosum  
The corpus callosum and cingulum bundle extend across the majority of the rostral-
caudal axis and carry nerve fiber projections from the prefrontal cortex throughout the 
rest of the brain. More specifically, the corpus callosum is the largest commissural 
pathway between the two hemispheres, while the cingulum bundle has strong 
connectivity between the prefrontal cortex and medial temporal lobe. As the white matter 
tract for the cingulate cortex, the cingulum bundle contains three principal fiber 
components arising from the thalamus, the cingulate gyrus, and from association cortices 
(Mufson and Pandya, 1984). These tracts combine to extend from the frontal lobe around 
the corpus callosum to connect with white matter of the parahippocampal gyrus. Studies 
using autoradiographic tracers and diffusion imaging have demonstrated that in the non-
human primate, the cingulum bundle is the dorsal limbic pathway providing and 
receiving arching fibers to the cingulate cortex while specifically linking prefrontal areas 
9 and 46 with the hippocampus and parahippocampal gyrus (Morris et al., 1999; 
Schmahmann et al., 2007). These anatomical regions are of particular interest as the 
prefrontal cortex and parahippocampal gyrus are critical for learning, memory and 
executive function as demonstrated through lesion studies, are also aspects of cognitive 
function that can become impaired with age (Petrides, 1989). 
The cingulum bundle has traditionally been considered as a whole, singular 
pathway, but more recently, studies have begun to investigate the relationship between 
specific functions of cognitive control and the microstructure of connections within the 
white matter segments. As a pathway composed of many different afferent and efferent 
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projections, fibers between connected regions differ in length and composition with 
longer projections intermixed with short-range connection fibers, leading to changing 
patterns of connectivity along the rostrocaudal extent. These differences in connectivity 
largely reflect the functional segregation along the cingulum bundle. Early work by Vogt 
et al., (1992) divided the cingulate cortex into an anterior extent that was termed the 
‘Executive region’ for its role in emotion, pain, maternal behavior, visceromotor and 
skeletomotor control, and attention. The posterior cingulate was termed the ‘Evaluative 
region’ based on functions in orienting and interpretation of environments such as eye 
movements, vision, somatic function, spatial-orientation, and also in memory functions. 
Based on these functional differences, the relationships between microstructure, 
connectivity, and cognitive performance should be segmented into specific subregions for 
analyses. Metzler-Baddeley et al., (2012) attempted to segment the cingulum bundle and 
investigated changes in specific subregions using diffusion MRI in older age controls and 
patients with mild cognitive impairment. Their study demonstrated differences in 
microstructural variations along the cingulum corresponding to specific cognitive control, 
highlighting the importance of segmenting these long white matter pathways.  
Interestingly, white matter pathways may be differentially affected by aging, with 
MRI studies showing that frontal white matter is more affected than temporal and 
occipital tracts, and decreases in measures of anisotropy in anterior regions compared 
with posterior regions (Makris et al., 2007; Salat, 2011; Sullivan and Pfefferbaum, 2006). 
More specifically, pathways associated with the frontal lobe, such as the cingulum 
bundle, have been shown to be altered earliest during the aging process and have an 
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anterior to posterior gradient acceleration over time (Yoon et al., 2008). It has been 
suggested that this pattern of myelin breakdown is due to the timing and formation of 
myelin in the developing and adult brain.  
The progression of myelination in the brain was first documented by Flechsig, 
(1901), and later by Yakovlev and Lecours, (1967), with the spinal cord and brainstem 
regions myelinating the earliest and continuing dorsally toward the frontal cortex. In 
general, myelination proceeds in the inferior-to-superior, posterior-to-anterior, and 
central-to-peripheral directions (Lenroot and Giedd, 2006; McArdle et al., 1987). Most 
tracts and regions become myelinated during the first postnatal year, with myelination 
continuing into the third decade, or later. Investigation by Benes et al., (1989; 1994) 
examining histologic myelin staining patterns determined that the distal cingulum bundle 
fibers connecting to the parahippocampal gyrus increase in myelin staining into the sixth 
decade, suggesting protracted myelination in this pathway. Differences in the timing of 
myelination can be observed at a gross level with white matter pathways that complete 
myelination later in life exhibiting an age-related pallor of myelin compared with white 
matter that was myelinated earlier (Kemper, 1994). Later-maturing myelin sheaths tend 
to be thinner with a higher number of myelinated segments per oligodendrocyte which 
may render these segments more vulnerable to environmental or aging-related factors 
(Bartzokis, 2004). MRI studies have expanded on these histologic findings showing that 
myelin breakdown occurs earlier in late-myelinating fibers compared with early-
myelinated pathways (Bartzokis et al., 2003). 
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Overall, the myelination and demyelination patterns suggest a potential 
vulnerability of late-myelinating fibers. This present study demonstrates an impairment-
related increase in OPCs and OLs specifically in the anterior segment of the cingulum 
bundle, reflecting localized changes in this anterior white matter pathway in the brain. 
While this effect is not seen in the genu of the corpus callosum, this may be due to the 
protracted myelination process of the in the cingulum bundle (Benes et al., 1994) making 
these fibers vulnerable for earlier deterioration. Furthermore, as correlations in the 
oligodendrocyte cell counts were found in impaired animals, it is also consistent that we 
see oligodendrocyte changes in the cingulum bundle that is more cognitively relevant 
than the corpus callosum.  
Structural White Matter Connectivity  
The normalized quantitative anisotropy (NQA) is a measure of anisotropy, or restricted 
movement of molecular water (Bennett & Madden, 2014; Le Bihan, 2003). Studies using 
fractional anisotropy (FA), the DTI equivalent of NQA, have reported age-related 
decreases in FA in frontal, temporal, and parietal lobes corresponding with poorer 
cognitive performance, indicative of damage to axonal fibers and myelin (Grieve et al., 
2007). Diffusion imaging analysis using tractography to estimate hippocampal 
connections among regionally interconnected voxels have shown that weaker structural 
connections also correlate with poorer performance on cognitive tasks involving memory 
recall (Koo et al., 2013). Therefore, NQA and structural white matter connectivity 
provide useful insight into the integrity of white matter tracts that is reflective of 
performance on cognitive tasks.  
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The DSI data from this present study establish that animals with weaker structural 
white matter connectivity through the anterior cingulum have higher OPC and OL cell 
counts. These findings suggest that oligodendrocytes may be specifically relocating or 
differentiating in regions where connectivity and NQA measures are low, such as in 
regions with poor myelin integrity. OPCs are highly dynamic and migrate around the 
parenchyma through the constant reorganization of their processes. Through the 
extension of filopodia, OPCs are able to survey the local environment and maintain 
independent domains through a balance of active growth and self-repulsion (Hughes et 
al., 2013). OPCs are mitotically active and migrate to sites of damage resulting in 
enhanced proliferative responses following acute CNS injury, ischemia and 
demyelination (Levine et al., 2001). OPCs can differentiate directly into myelinating 
OLs, with neighboring OPCs proliferating to replace the newly differentiated OPC  
(Hughes et al., 2013). This mechanism provides an explanation to our observed increase 
in oligodendrocytes, as local OPCs directly differentiate into OLs for the purpose of 
myelination or remyelination. This direct differentiation signals to neighboring OPCs to 
proliferate and replace the former OPC, maintaining a stable population of OPCs. 
However, in cases of demyelination or injury, OPCs from the subependymal zone can 
migrate to the site for proliferation (Capilla-Gonzalez et al., 2014; Menn et al., 2006; 
Nait-Oumesmar et al., 1999), indicating that this action may contribute to the observed 
increase in OPCs.   
Furthermore, in normal conditions without damage or injury, the local density of 
unmyelinated axons may influence OPC proliferation rates through mitogens released by 
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unmyelinated axons and through vesicular glutamate release along axons (Kukley et al., 
2007; Young et al., 2013). As it is not possible to discern if the low number of structural 
connections from our DSI data is a result of damaged white matter, or a higher number of 
unmyelinated axons, either option could present a potential explanation for higher 
numbers of oligodendrocytes in the local environment. OPCs may respond to these 
signals and migrate to an area with low white matter connections to differentiation into 
OLs to participate in de novo myelination (if these axons are unmyelinated), or myelin 
remodeling following damage to the myelin sheaths.  
The increase in OPCs and OLs was found specifically in animals with weaker 
structural white matter connectivity, which also corresponds to animals with higher 
cognitive impairment scores, suggesting a link between white matter connectivity, 
oligodendrocyte response, and cognitive performance. However, it is interesting to note 
that we only found a correlation between oligodendrocyte cell counts and white matter 
connectivity in the anterior region of the cingulum bundle, further supporting a 
hypothesis of white matter deterioration initially occurring the in the anterior aspect of 
the brain (Bartzokis et al., 2004). 
However, it must be noted that these DSI analyses were only conducted on ten 
animals, so each individual animal has a strong influence on the correlational 
relationship. While the results examining structural white matter connectivity propose a 
trend towards significance, it is possible that a larger cohort may alter these trends.  
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Exploratory Analysis of the Systemic Brain CSF Environment  
The functional role of the CSF has traditionally been considered for buoyancy and 
protection of brain, in addition to clearance of waste from the cellular interstitial fluid. 
While these functions are essential for the protection and maintenance of the brain, CSF 
can also provided insight into pathological conditions resulting in volume alterations or 
changes in the cellular composition. As a result of the close apposition of the CSF 
compartments to the interstitial fluid of the brain, the CSF is a potential source of 
biomarkers for different conditions. Therefore, many clinical investigations use samples 
of CSF to obtain information of the cerebral environment and for analysis of potential 
abnormalities. In multiple sclerosis (MS), an autoimmune, inflammatory disorder of the 
CNS characterized by focal demyelinating lesions and axonal degeneration and loss 
(Ferguson et al., 1997; Imitola et al., 2006), increased levels of immunoglobulins (IgG) 
and CD4+ activated T lymphocytes secrete various cytokines in the CSF (McFarland and 
Martin, 2007). Further, proteomic analyses of MS CSF have also detected molecules 
associated with energy metabolism and myelin metabolism, suggestive of pathogenesis 
and progression of the disease (Menon et al., 2011).  
In this present study, proteomic analysis of CSF was designed to identify putative 
markers differentiating between a normal aging environment, and an environment 
reflective of cognitive impairment. The largest category of protein abundance change was 
found in the CSF of proteins down-regulated with impairment, with a large overlap 
between proteins involved in axonogenesis and axon guidance. The preliminary findings 
from previous experiments in this study are suggestive of cognitive-decline being 
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resultant of poor white matter connectivity, either due to oligodendrocyte dysfunction or 
poor myelin integrity. Therefore, the finding of many axon-related proteins in the CSF 
may provide insight into ongoing changes in axonal composition in cognitive 
impairment.  
Particularly relevant to the present study were groups of proteins encoding 
receptors for axon guidance such as DCC and UNC5B. Netrin-1 is a bifunctional ligand 
that can attract or repel axons with the DCC receptor mediating axon attraction toward 
netrin-1 and UNC5 receptors implicated in axon repulsion from netrin-1 (Keino-Masu et 
al., 1996; Leonardo et al., 1997). In addition to roles in axon guidance, more recent 
studies have implicated these molecules as regulators of synapse formation and plasticity 
(Shen and Cowan, 2010). While both receptors are continuously expressed in the adult 
brain, the specific mechanisms of function are unclear. Subcellular fractionation and 
immunohistochemical analyses have shown that DCC is enriched in dendritic spines and 
associated with the post-synaptic density (Horn et al., 2013). Selectively deletion of DCC 
results in decreased long-term potentiation (LTP) and impairment in spatial and object 
memory, suggesting a role for the receptor in synaptic function and plasticity (Horn et al., 
2013). A down-regulation of Netrin-1 receptors in cognitive impairment may suggest that 
the axon guidance mechanism is no longer required, as seen a specific developmental 
stages (Gad et al., 2000), or an alteration in the cognitively impaired environment results 
in decreased synaptogenesis (Horn et al., 2013).   
ROBO1 is an axon guidance receptor expressed on axonal growth cones that 
responds to signals from the extracellular matrix protein Slit (Kidd et al., 1998). This 
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receptor is expressed both in development and in the adult brain, indicating an ongoing 
need for axonal path finding and neuronal migration in the adult brain (Marillat et al., 
2002). The ROBO ligand, Slit, is expressed by midline glia that function as a short-range 
repellent controlling axon crossing of the midline (Kidd et al., 1999; Rothberg et al., 
1990). Our data did not detect expression of Slit in the CSF, but did report a down-
regulation of SLITRK4, a transmembrane protein that has a significant homology to Slit. 
Slitrks do not interact with ROBO, but have been shown to be involved at postsynaptic 
densities, with Slitrk isoforms (Slitrk1, Slitrk2, Slitrk4, and Slitrk5) specifically acting at 
excitatory synapses, and a decrease in Slitrks resulting in decreased synapse density (Yim 
et al., 2013).  
The glycosylphosphatidylinositol (GPI)-anchored protein ephrin ligand (EFNA5) 
binds to the Eph-A receptor with signaling directly implicated in axon guidance, and 
Eph-B receptor binding involved in dendritic spine morphogenesis (Reber et al.,  2007). 
An additional GPI-anchored protein CNTN4, may play a role in the formation of axon 
connections, with mutations relevant to Autism Spectrum Disorder pathogenesis (Roohi 
et al., 2009). Therefore, a decrease in these proteins may result in decreased axon 
guidance and the formation of fewer axonal connections.  
Finally, NFASC is a major glial paranodal protein important for the formation of 
paranodal axoglial junctions, segregation of axonal domains, ion channel segregation and 
nerve conduction (Pillai et al., 2009; Thaxton et al., 2010). Lower levels of NFASC at the 
paranodes result in disorganization of the axoglial junctions and delay in nerve 
conduction velocity (Pillai et al., 2009). Overall disruption of paranodal axoglial 
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junctions leads to severe impairments of salutatory conduction, motor coordination and 
myelination, which are seen in demyelinating disorders and neuropathies (Thaxton and 
Bhat, 2009), and evidence of NFASC protein decrease in the present data set may suggest 
a role in overall cognitive decline.  
The exploratory analysis of CSF was designed to identify markers of cognitive 
impairment. It remains unknown if changes in protein abundance are a result of cognitive 
impairment, or contributing to cognitive impairment. However, these results highlight the 
role of axon guidance proteins and axonal organization proteins in the preservation of 
axonal function, synaptogenesis, and subsequent neuronal communication. Therefore, 
further research would be needed to investigate the specific role of these target proteins to 
determine the impact on ongoing cognitive function. 
Conclusion  
This study demonstrates that oligodendrogenesis is ongoing in the adult non-human 
primate brain with regionally specific changes. The results from this study demonstrate a 
significant increase in the number of OPCs and OLs in the anterior cingulum of 
cognitively impaired animals, a corresponding increase in total glial cells, and an increase 
in volume. These findings seem are restricted to cognitively-relevant structures in the 
brain such as the cingulum bundle, with changes evident only in the anterior segment, 
potentially demonstrating a difference between anterior and posterior extents of the brain. 
While the number of oligodendrocytes may have subtle effects on cognitive performance, 
we found that age and overall cognitive impairment scores were greater predictors of 
performance on the cognitive tasks. Analysis of structural white matter connectivity in 
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the cingulum also revealed restricted effects in the anterior cingulum bundle, with higher 
numbers of oligodendrocytes in regions with low connectivity and poor myelin integrity. 
Comparisons of proteins in the CSF of aged and impaired animals revealed changes in 
protein abundance associated with axonogenesis and axon guidance specifically in 
impaired animals.  
Overall, changes in oligodendroglial populations may represent a cellular 
response to early alterations in the white matter pathways, with the earliest signs 
occurring in the anterior aspect of the brain. It remains unclear if oligodendrocyte 
dysfunction initiates these changes in the white matter, followed by a subsequent 
oligodendrocyte repair response. However, future studies will have to determine the 
mechanisms distinguishing these effects, and if oligodendrocytes can repair damaged 
myelin to restore communication between neural circuits for ongoing cognitive function. 
As oligodendrocytes are highly motile cells with great potential for local plasticity, it is 
important to see how the manipulation of these cells can promote successful myelin 
regeneration in the adult brain.    
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Table 5. All Subjects- Ordered by Age. 	   	  
Age Gender Hemisphere CII PDGFRα/CC1 Nissl DSI CSF 
7.6 Male R 2.52 Y Y Y
8.1 Male R 1.24 Y Y Y
8.3 Male R 1.42 Y Y
8.4 Female R 0.85 Y Y Y
8.7 Male R 0.77 Y Y Y Y
9.0 Male R 0.33 Y Y
9.4 Female R 2.22 Y
9.5 Female R 0.12 Y Y
13.7 Female R 1.17 Y Y Y
16.0 Male R 3.15 Y Y Y
16.9 Female R 6.40 Y Y Y
17.1 Male R 1.74 Y Y
18.3 Male R 2.28 Y Y
18.5 Female R 0.80 Y Y Y
19.5 Male R 8.07 Y Y
19.6 Female R 2.10 Y Y Y
20.9 Female R 6.73 Y Y
21.2 Female R 2.41 Y Y Y
22.4 Female R 1.43 Y Y Y Y
22.7 Male R 1.09 Y
22.9 Female R 2.94 Y Y Y
22.9 Male R 0.58 Y Y
23.0 Male R 4.20 Y Y
24.5 Male R 2.90 Y
25.4 Male R 1.47 Y Y Y
25.7 Female R 8.77 Y Y
26.4 Male R 2.85 Y Y Y
26.7 Male R 1.28 Y Y
27.5 Female R 5.89 Y
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Table 6. Stereological Parameters for Each ROI. 	   	  
Region of Interest
Section 
Interval
Grid Spacing 
(µm)
Counting Frame 
Area (XY) (µm²)
Disector Height (Z) 
(µm)
Guard Zone Above 
(µm)
Mean CE 
(m = 1)
Anterior Cingulum 1/80 300 x 300 2500 10 1 0.03
Genu 1/80 500 x 500 2500 10 1 0.10
Posterior Cingulum 1/80 500 x 500 6400 10 1 0.03
Splenium 1/80 500 x 500 10000 10 1 0.10
Anterior Cingulum_Nissl 1/50 500 x 500 6400 10 1 0.02
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Table 7. Protein Abundance Down-regulated with Age.  	    
Uniprot(Name Gene(Symbol Protein(ID Young((Mean) Old((Mean) Old(Imp((Mean) p=value
Mannose'binding,protein,A MBP'A ENSMMUP00000003736 20.830366 3.1974733 6.979132 0.00613765
LPA ENSMMUP00000021286 19.759634 4.173363 7.0502424 0.00821638
Ig,mu,chain,C,region IGHM ENSMMUP00000019938 18.683 4.386813 7.6976547 0.02250825
Apolipoprotein,M APOM ENSMMUP00000007020 18.447334 5.1753635 7.28298 0.00100808
Apolipoprotein,C'IV APOC4 ENSMMUP00000032511 17.646566 5.1989765 7.8658547 0.01401107
Phosphatidylinositol'glycan'specific,phospholipase,D GPLD1 ENSMMUP00000034358 17.062733 5.3816237 8.166735 0.00769536
Immunoglobulin,J,chain IGJ ENSMMUP00000029093 18.7077 6.143954 6.361283 0.0243017
Collectin'10 COLEC10 ENSMMUP00000000361 18.939266 6.3096137 6.0633326 0.00086117
Attractin ATRN ENSMMUP00000029333 17.055933 6.351626 7.444333 0.00073304
Coagulation,factor,XIII,B,chain F13B ENSMMUP00000000336 16.773466 6.2904935 7.702045 0.04061903
Protein,IGLV1'51 IGLV1'51 ENSMMUP00000014960 16.4413 6.5112567 7.7855825 0.00359099
CD5,antigen'like CD5L ENSMMUP00000026080 15.4267 6.696897 8.407292 0.03890574
Serine/threonine'protein,kinase,4 MST1 ENSMMUP00000019112 13.2086 6.250707 10.405495 0.00903037
Apolipoprotein,A'I APOA1 ENSMMUP00000021209 13.516632 7.0955963 9.540847 0.00244206
Proteasome,subunit,alpha,type'6 PSMA6 ENSMMUP00000021739 9.368173 6.1343465 13.3731 0.0291774
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Table 8. Protein Abundance Up-regulated with Age.  	    
Uniprot Name Gene Symbol Protein ID Young (Mean) Old (Mean) Old Imp (Mean) p-value
Mesothelin MSLN ENSMMUP00000001129 6.0876865 14.461166 9.588365 0.0010015
C-X-C motif chemokine 16 CXCL16 ENSMMUP00000006499 5.6327834 16.742098 8.218853 0.0013522
Oligodendrocyte-myelin glycoprotein OMG ENSMMUP00000008966 8.107563 16.020102 6.9042425 0.00218615
Ectonucleotide pyrophosphatase/phosphodiesterase 
family member 6 ENPP6 ENSMMUP00000022012 7.1888466 13.0637665 9.810525 0.00314171
NHL repeat-containing protein 3 NHLRC3 ENSMMUP00000002815 7.5876503 13.321834 9.317887 0.0034519
Uncharacterized protein ENSMMUP00000006373 7.44241 11.0167 11.155675 0.0037573
Biotinidase BTD ENSMMUP00000027325 7.925293 12.7725 9.47666 0.00455127
Ephrin-A5 EFNA5 ENSMMUP00000024191 8.11073 15.293334 7.4469523 0.00539536
Transmembrane emp24 domain-containing protein 2 TMED2 ENSMMUP00000038432 8.290967 11.728168 9.985655 0.00623765
Neuropeptide-like protein C4orf48 C4orf48 ENSMMUP00000040725 7.70986 16.913534 6.532455 0.00640695
Plexin-B2 PLXNB2 ENSMMUP00000004489 8.08768 14.180568 8.298818 0.00763223
Cochlin COCH ENSMMUP00000015109 7.8904037 14.069134 8.530348 0.00769622
Gelsolin GSN ENSMMUP00000017095 7.6740365 13.237334 9.3164625 0.01050131
Iduronate 2-sulfatase IDS ENSMMUP00000000902 7.6517167 13.972934 8.78152 0.010612
Chitinase-3-like protein 1 CHI3L1 ENSMMUP00000011419 4.31988 12.270233 12.557402 0.01228862
Plexin domain-containing protein 1 PLXDC1 ENSMMUP00000006526 8.611383 14.070233 7.988805 0.01411144
Glutamate carboxypeptidase 2 FOLH1 ENSMMUP00000016535 8.7229 14.0143 7.947115 0.01420458
BDNF/NT-3 growth factors receptor NTRK2 ENSMMUP00000038944 7.69939 14.590299 8.282732 0.01523638
Uncharacterized protein ENSMMUP00000004429 7.2461267 14.6477 8.579627 0.01539697
Alanine--glyoxylate aminotransferase 2, mitochondrial AGT ENSMMUP00000007736 7.080747 13.981601 9.2032175 0.0155554
VPS10 domain-containing receptor SorCS1 SORCS1 ENSMMUP00000000585 8.35471 13.730167 8.436368 0.01559782
Membrane-associated progesterone receptor component 1 PGRMC1 ENSMMUP00000018994 7.488627 12.7772 9.8006 0.01694649
Neogenin NEO1 ENSMMUP00000012529 8.00044 15.006467 7.7448473 0.01783703
Solute carrier family 12 member 2 SLC12A2 ENSMMUP00000014696 7.96602 12.060134 9.980398 0.01953841
Plexin domain-containing protein 2 PLXDC2 ENSMMUP00000020153 7.023767 14.523467 8.839582 0.01995697
Carbonic anhydrase 14 CA14 ENSMMUP00000028172 6.9697165 13.219501 9.85808 0.0200554
Uncharacterized protein LOC717880 ENSMMUP00000002726 8.30543 11.9953 9.774423 0.02123603
Cadherin-6 CDH6 ENSMMUP00000000965 8.4137335 13.6015005 8.488567 0.02189772
Phospholipase D3 ENSMMUP00000031602 7.4164767 14.609433 8.48057 0.02562181
Fibulin-5 FBLN5 ENSMMUP00000011078 8.109187 13.502666 8.791104 0.02700613
Clusterin CLU ENSMMUP00000032170 8.49429 13.827167 8.258904 0.02881195
Uncharacterized protein ENSMMUP00000041107 7.64924 11.073554 10.957903 0.02977468
Lysozyme C LYZ ENSMMUP00000011770 6.408937 12.285813 10.9789295 0.03006965
Epithelial discoidin domain-containing receptor 1 DDR1 ENSMMUP00000034147 6.8925767 14.023868 9.312653 0.03543703
Protein O-linked-mannose beta-1,2-N-
acetylglucosaminyltransferase 1 POMGNT1 ENSMMUP00000019761 7.973473 13.689534 8.752749 0.0356069
Cadherin-20 CDH20 ENSMMUP00000002285 7.5782933 13.9697 8.839037 0.03615961
Cathepsin D CTSD ENSMMUP00000005169 7.687287 11.416233 10.672338 0.03772254
GDNF family receptor alpha-3 GFRA3 ENSMMUP00000017457 7.671063 12.877833 9.588338 0.03827776
Endosialin CD248 ENSMMUP00000021025 7.42259 13.6601 9.187978 0.0495465
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Uniprot(Name Gene(Symbol Protein(ID Young((Mean) Old((Mean) Old(Imp((Mean) p=value
Neuropeptide*like-protein-C4orf48 C4orf48 ENSMMUP00000040725 7.70986 16.913534 6.532455 0.006407
Neural-cell-adhesion-molecule-L1*like-protein CHL1 ENSMMUP00000001799 9.507294 15.348567 6.35811 0.025189
Neurofascin NFASC ENSMMUP00000023049 9.143494 15.402234 6.5906973 0.01086
Oligodendrocyte*myelin-glycoprotein OMG ENSMMUP00000008966 8.107563 16.020102 6.9042425 0.002186
Contactin*associated-protein*like-2 CNTNAP2 ENSMMUP00000020716 9.051953 15.2468 6.775942 0.013104
Cerebellin*4(Cerebellin*like-glycoprotein-1) CBLN4 ENSMMUP00000007891 8.417733 15.504634 7.05824 0.00995
Lysosome*associated-membrane-glycoprotein-5 LAMP5 ENSMMUP00000004367 8.010404 15.741433 7.186142 0.010103
Opioid*binding-protein/cell-adhesion-molecule OPCML ENSMMUP00000036579 8.86016 15.050301 7.0671525 0.031885
Neurexin*3*beta NRXN3 ENSMMUP00000018193 9.359527 14.694267 6.9596524 0.018274
Gamma*glutamyltransferase-7 GGT7 ENSMMUP00000023572 8.53619 15.159167 7.228508 0.015434
Ephrin*A5- EFNA5 ENSMMUP00000024191 8.11073 15.293334 7.4469523 0.005395
PILR-alpha*associated-neural-protein PIANP ENSMMUP00000022352 8.853454 14.825333 7.2409077 0.016285
C*X*C-motif-chemokine-16 CXCL16 ENSMMUP00000006499 5.6327834 16.742098 8.218853 0.001352
Dipeptidyl-aminopeptidase*like-protein-6 DPP6 ENSMMUP00000008336 9.347907 14.478134 7.1304846 0.014661
Netrin-receptor-DCC DCC ENSMMUP00000018397 8.59591 14.904067 7.375 0.026732
Protocadherin*1 PCDH1 ENSMMUP00000011418 9.00872 14.624901 7.274762 0.040042
Heparan-sulfate-glucosamine-3*O*sulfotransferase-1 HS3ST1 ENSMMUP00000035422 8.981327 14.625999 7.2944922 0.004659
SLIT-and-NTRK*like-protein-4 SLITRK4 ENSMMUP00000020174 8.128473 15.041034 7.622875 0.018778
Follistatin*related-protein-4 FSTL4 ENSMMUP00000034138 8.4951935 14.7836 7.5409026 0.034356
Neuritin NRN1 ENSMMUP00000013349 9.140847 14.372299 7.3651276 0.047839
Neogenin NEO1 ENSMMUP00000012529 8.00044 15.006467 7.7448473 0.017837
Tyrosine*protein-phosphatase-non*receptor-type-substrate-1 SIRPA ENSMMUP00000008852 7.94207 14.9599 7.823558 0.0183
Neurexin*2 NRXN2 ENSMMUP00000029746 8.985009 14.329333 7.5142145 0.02249
Disintegrin-and-metalloproteinase-domain*containing-protein-11 ADAM11 ENSMMUP00000007214 9.8116865 13.818733 7.2771873 0.020494
Neuronal-pentraxin*1 NPTX1 ENSMMUP00000001721 9.064183 14.1786995 7.567817 0.01979
Repulsive-guidance-molecule-A RGMA ENSMMUP00000022877 8.909886 14.265866 7.618203 0.003247
ProSAAS-(Proprotein-convertase-subtilisin/kexin-type-1-inhibitor)- PCSK1N ENSMMUP00000021642 8.694266 14.328267 7.73312 0.039714
A-disintegrin-and-metalloproteinase-with-thrombospondin-motifs-2 ADAMTS2 ENSMMUP00000003347 9.75919 13.6678 7.42978 0.036391
Signal-peptide,-CUB-and-EGF*like-domain*containing-protein-1 SCUBE1 ENSMMUP00000007960 8.7631235 14.205467 7.7735524 0.04615
Immunoglobulin-superfamily-member-21 IGSF21 ENSMMUP00000030954 8.58061 14.310399 7.8317327 0.019706
VPS10-domain*containing-receptor-SorCS3 SORCS3 ENSMMUP00000004820 9.153357 13.958267 7.666292 0.022082
Limbic-system*associated-membrane-protein LSAMP ENSMMUP00000016514 8.67194 14.199933 7.8461175 0.016148
Xyloside-xylosyltransferase-1 C3orf21 ENSMMUP00000017192 9.607511 13.615132 7.5830145 0.007641
Beta*1,4-N*acetylgalactosaminyltransferase-1 B4GALNT1 ENSMMUP00000001579 8.65067 14.159101 7.892678 0.018457
Neurofascin NFASC ENSMMUP00000023047 8.143997 14.411 8.083762 0.013544
Neuronal-growth-regulator-1 NEGR1 ENSMMUP00000022783 8.900757 13.940534 7.869033 0.023633
Protein-ADGRL1 ADGRL1 ENSMMUP00000018574 8.64883 14.077301 7.95539 0.041163
Amyloid*like-protein-1 APLP1 ENSMMUP00000025972 9.032833 13.849334 7.838365 0.031541
Contactin*4 CNTN4 ENSMMUP00000002457 8.572267 14.104068 7.992772 0.029156
Glutamate-carboxypeptidase-2 FOLH1 ENSMMUP00000016535 8.7229 14.0143 7.947115 0.014205
BDNF/NT*3-growth-factors-receptor NTRK2 ENSMMUP00000038944 7.69939 14.590299 8.282732 0.015236
Plexin-domain*containing-protein-1 PLXDC1 ENSMMUP00000006526 8.611383 14.070233 7.988805 0.014111
Protein-ADGRL3 ADGRL3 ENSMMUP00000003484 8.616643 14.0573 7.9945545 0.022915
Exostosin*like-2 EXTL2 ENSMMUP00000004968 9.24172 13.653767 7.828412 0.013463
Leucine*rich-repeat*containing-protein-4B LRRC4B ENSMMUP00000027716 8.382637 14.102234 8.136375 0.0099
Neuroligin*1 NLGN1 ENSMMUP00000006208 8.697086 13.858533 8.083278 0.012001
Plexin*B2 PLXNB2 ENSMMUP00000004489 8.08768 14.180568 8.298818 0.007632
MAM-domain*containing-glycosylphosphatidylinositol-anchor-protein-2 MDGA2 ENSMMUP00000019806 8.99899 13.654866 8.009595 0.045815
Trem*like-transcript-1-protein-(TLT*1) TREML1 ENSMMUP00000033717 8.302667 14.0395 8.24337 0.043134
Carbohydrate-sulfotransferase-15 CHST15 ENSMMUP00000013223 8.727997 13.780967 8.118282 0.009143
Immunoglobulin-superfamily-member-8- IGSF8 ENSMMUP00000038601 8.56652 13.8577 8.1818495 0.033049
Adherens-junction*associated-protein-1 AJAP1 ENSMMUP00000011741 10.52662 12.754533 7.5391397 0.026559
Acetylcholinesterase(AChE) ACHE ENSMMUP00000027993 8.642453 13.801467 8.167092 0.015999
Fibroblast-growth-factor-receptor-1 FGFR1 ENSMMUP00000029571 8.490144 13.868 8.231385 0.018884
Clusterin CLU ENSMMUP00000032170 8.49429 13.827167 8.258904 0.028812
Multiple-epidermal-growth-factor*like-domains-protein-8 MEGF8 ENSMMUP00000019592 8.408563 13.870934 8.2903805 0.049048
Roundabout-homolog-1 ROBO1 ENSMMUP00000003118 9.068176 13.4963 8.07662 0.045877
Melanoma-inhibitory-activity-protein-3 MIA3 ENSMMUP00000001368 8.875257 13.590068 8.151018 0.017782
Alpha*mannosidase-2 MAN2A1 ENSMMUP00000004423 9.41719 13.248867 8.000444 0.014479
Cochlin- COCH ENSMMUP00000015109 7.8904037 14.069134 8.530348 0.007696
Plexin-domain*containing-protein-2 PLXDC2 ENSMMUP00000020153 7.023767 14.523467 8.839582 0.019957
Tyrosine*protein-kinase-receptor-TYRO3 TYRO3 ENSMMUP00000018152 8.086837 13.924367 8.49159 0.049893
B4GAT1 ENSMMUP00000021033 8.928173 13.455768 8.212055 0.048591
VPS10-domain*containing-receptor-SorCS1 SORCS1 ENSMMUP00000000585 8.35471 13.730167 8.436368 0.015598
HYOU1-protein-(Hypoxia-up*regulated-protein-1) HYOU1 ENSMMUP00000036656 8.613876 13.5802 8.354432 0.012436
Inactive-dipeptidyl-peptidase-10 DPP10 ENSMMUP00000028196 9.5726595 13.0422325 8.03885 0.048306
Leucine*rich-repeats-and-immunoglobulin*like-domains-protein-2 LRIG2 ENSMMUP00000025116 8.64429 13.506599 8.38682 0.021791
High-affinity-immunoglobulin-epsilon-receptor-subunit-gamma FCER1G ENSMMUP00000006016 8.571227 13.537933 8.41815 0.022101
Galectin*3*binding-protein LGALS3BP ENSMMUP00000025835 8.405394 13.607933 8.48998 0.003046
Cadherin*6-(K*cadherin) CDH6 ENSMMUP00000000965 8.4137335 13.6015005 8.488567 0.021898
Macrophage-mannose-receptor-1 MRC1L1 ENSMMUP00000015255 8.82352 13.373066 8.352565 0.013191
Scrapie*responsive-protein-1 SCRG1 ENSMMUP00000003219 8.80676 13.353967 8.379457 0.034166
Iduronate-2*sulfatase IDS ENSMMUP00000000902 7.6517167 13.972934 8.78152 0.010612
Matrix-metalloproteinase*14 MMP14 ENSMMUP00000017968 8.851227 13.235734 8.434785 0.036133
Laminin-subunit-beta*1 LAMB1 ENSMMUP00000008645 8.917153 13.199833 8.412267 0.04981
Multiple-inositol-polyphosphate-phosphatase-1 MINPP1 ENSMMUP00000006332 8.868274 13.2216 8.432608 0.008552
Protein-HEG-homolog-1 HEG1 ENSMMUP00000001551 9.1025095 13.087132 8.357742 0.048399
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Table 9. Protein Abundance Down-regulated with Impairment.   
Receptor(type*tyrosine(protein*phosphatase*gamma PTPRG ENSMMUP00000016403 8.56985 13.347333 8.562105 0.020989
Semaphorin(4B SEMA4B ENSMMUP00000031370 8.062726 13.599133 8.75361 0.020469
Acylphosphatase(1 ACYP1 ENSMMUP00000004180 7.67748 13.794 8.896415 0.032801
Receptor(type*tyrosine(protein*phosphatase*zeta PTPRZ1 ENSMMUP00000016302 8.101307 13.565133 8.750183 0.023603
Procollagen(lysine,2(oxoglutarate*5(dioxygenase*3 PLOD3 ENSMMUP00000009121 9.1785965 12.9658 8.391697 0.039635
Fibulin(5 FBLN5 ENSMMUP00000011078 8.109187 13.502666 8.791104 0.027006
OAF ENSMMUP00000016066 7.9987235 13.5424 8.844134 0.033582
Fibulin(1 FBLN1 ENSMMUP00000003257 9.226017 12.868899 8.428805 0.022496
CXHXorf36 ENSMMUP00000004431 7.7745566 13.615867 8.957154 0.015545
Neural*cell*adhesion*molecule*1 NCAM1 ENSMMUP00000006233 8.08775 13.446366 8.849422 0.023331
Lymphatic*vessel*endothelial*hyaluronic*acid*receptor*1 LYVE1 ENSMMUP00000020747 9.415713 12.715534 8.401558 0.047053
Lysophosphatidic*acid*phosphatase*type*6 ACP6 ENSMMUP00000039205 8.276394 13.300034 8.817698 0.040881
Mesothelin MSLN ENSMMUP00000001129 6.0876865 14.461166 9.588365 0.001001
Sulfhydryl*oxidase*1 QSOX1 ENSMMUP00000015804 9.390667 12.7023 8.430267 0.033402
Netrin*receptor*UNC5B UNC5B ENSMMUP00000007885 8.009167 13.417867 8.929685 0.034574
Nucleoid(associated*protein*BCAN_A0034 BCAN ENSMMUP00000022489 8.504267 13.088166 8.805667 0.041073
Glypican(1 GPC1 ENSMMUP00000019473 8.015349 13.320233 8.998301 0.022267
Desmoglein(2 DSG2 ENSMMUP00000027766 10.122913 12.193034 8.263061 0.042065
Fibulin(1 FBLN1 ENSMMUP00000012090 8.532327 12.998001 8.852244 0.009523
Very*low(density*lipoprotein*receptor VLDLR ENSMMUP00000019791 8.45378 13.033466 8.884547 0.048813
Fibroblast*growth*factor*receptor*3 FGFR3 ENSMMUP00000026225 8.879613 12.782765 8.753187 0.04146
Basement*membrane(specific*heparan*sulfate*proteoglycan*core*protein HSPG2 ENSMMUP00000040540 11.363167 11.482396 7.8658323 0.030657
Platelet(derived*growth*factor*receptor*beta PDGFRB ENSMMUP00000015166 7.994377 13.236267 9.077023 0.043711
Calreticulin(3 CALR ENSMMUP00000005869 8.564323 12.917201 8.8888855 0.049228
Glucosidase*2*subunit*beta PRKCSH ENSMMUP00000003116 9.495394 12.430167 8.555813 0.029583
NHL*repeat(containing*protein*3 NHLRC3 ENSMMUP00000002815 7.5876503 13.321834 9.317887 0.003452
Collagen*alpha(1(XII)*chain COL12A1 ENSMMUP00000025312 8.587127 12.743034 9.002394 0.032263
Protein*phosphatase*1L PPM1L ENSMMUP00000004712 9.183284 12.415767 8.80071 0.039742
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Table 10. Protein Abundance Up-regulated with Impairment.  	    
Uniprot Name Gene Symbol Protein ID Young (Mean) Old (Mean) Old Imp (Mean) p-value
Uncharacterized protein ENSMMUP00000024904 15.8315 5.102514 9.299488 0.00046801
Hsc70-interacting protein (Hip) ST13 ENSMMUP00000025139 7.8721504 7.230967 13.672649 0.00341377
Eukaryotic initiation factor 4A-I EIF4A1 ENSMMUP00000017746 8.463923 7.159347 13.28252 0.00770065
Uncharacterized protein ENSMMUP00000036740 11.7671 6.5994835 11.225058 0.00813834
Serine/threonine-protein kinase 4 MST1 ENSMMUP00000019112 13.2086 6.250707 10.405495 0.00903037
Prelamin-A/C LMNA ENSMMUP00000021173 7.5809865 6.3108535 14.581122 0.01032106
Annexin A2 Anxa2 ENSMMUP00000015738 6.61863 7.47397 14.430555 0.01058842
60S ribosomal protein L36a RPL36A ENSMMUP00000041106 8.169414 8.241487 12.6918 0.01402416
Prostaglandin reductase 1 LTB4DH ENSMMUP00000016746 5.8020864 5.1938534 16.753075 0.02191147
Uncharacterized protein ENSMMUP00000015192 8.864507 5.450273 14.263941 0.02303879
Uncharacterized protein ENSMMUP00000034047 7.782364 7.4682136 13.56207 0.02551145
Zinc-alpha-2-glycoprotein AZGP1 ENSMMUP00000029608 8.335437 7.5197635 13.108603 0.02598928
Bifunctional purine biosynthesis protein PURH ATIC ENSMMUP00000016168 9.44793 7.3290596 12.417274 0.02740996
Proteasome subunit alpha type-6 PSMA6 ENSMMUP00000021739 9.368173 6.1343465 13.3731 0.0291774
40S ribosomal protein S3 ENSMMUP00000036826 8.346173 7.9927535 12.7458 0.03186614
Alpha-adducin ADD1 ENSMMUP00000010988 6.85539 4.6628304 16.361338 0.03455513
Zymogen granule membrane protein 16 ZG16 ENSMMUP00000012669 10.105304 6.65868 12.427 0.03471082
26S protease regulatory subunit 6B PSMC4 ENSMMUP00000022613 8.910783 5.8374295 13.938848 0.0348621
Kininogen-1 KNG1 ENSMMUP00000004937 10.193203 5.9408035 12.899494 0.03723965
26S protease regulatory subunit 6A PSMC3 ENSMMUP00000020482 9.095464 4.7150397 14.642128 0.03884813
Glutaredoxin-3 GLRX3 ENSMMUP00000024249 8.509374 5.2459903 14.683495 0.03923592
Proteasome subunit beta type-4 PSMB4 ENSMMUP00000027532 9.601133 6.1581903 13.180505 0.04207597
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Figure 17. Region of interest for stereological evaluation of oligodendrocytes.  
A) Photomicrograph of double-labeled tissue with PDGFRα+ (brown) labeled OPCs and 
CC1+ (blue) labeled mature OLs; Scale bar = 10µm. B-E) Nissl stained sections 
demonstrating the anterior and posterior cytoarchitectural boundaries of each ROI. 
Anterior segment of the cingulum bundle (red), genu of the corpus callosum (green), 
posterior segment of the cingulum bundle (orange), and the splenium of the corpus 
callosum (blue).  	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Figure 18: Increased Number of Oligodendrocytes and Volume in the Anterior 
Cingulum of Cognitive Impaired Animals.  
A) Linear regression shows no relationship of cell counts with CII (PDGFRα: p = 0.1591, 
CC1: p = 0.3989). B) Student’s t-test demonstrating a significant volume increase in the 
impaired group (p = 0.0250). C-D) Student’s t-test reveals a significant increase in OPCs 
(p = 0.0044) and OLs (p = 0.0327) in impaired animals. E-F) No significant differences 
found between PDGFRα (p = 0.1812) and CC1 (p = 0.5314) cell densities. 
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Figure 19: Correlations of Age and Impairment on Cognitive Tasks.  
DNMS: A) Linear regression of DNMS acquisition indicated a trend towards age-related 
increase for trials (p = 0.08) and errors (p = 0.09). B) Significant impairment-related 
increase was also seen for acquisition trials (p < 0.001) and errors (p < 0.001). DRST: C) 
Linear regression for DRST determined a significant age-related decrease in performance 
for both spatial (p = 0.0056) and object (p = 0.0275) conditions. D) CII: Significant 
impairment-related correlation was also seen for the spatial condition (p = 0.0294), but 
only a trend was found for the object condition (p = 0.0802). CSST: E) No effect of age 
was seen on perseverative errors or broken sets. F) CII: Significant impairment-related 
correlation was also seen for perseverative errors (p = 0.0387), but not for broken sets.  
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Figure 20: Multiple Regressions Analysis with Cognitive Performance.  
DNMS: A-B) Multiple regression revealed that CII was the strongest predictor 
accounting for 95% of variance on DNMS acquisition trials (A) and 93% of acquisition 
errors (B). DRST: C-D) CII and age were the strongest predictors of performance on the 
DRST spatial (CII: 18%, Age: 29%) (C) and object spans (CII: 12%, Age: 21%) (D), 
with age contributing the most to the variance. CSST: E-F) CII was the strongest 
predictor of performance on the CSST task accounting for 17% of variance for 
perseverative errors (E), but no further significant correlations were found for broken sets 
(F).  
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Figure 21: Oligodendrocytes in Regions with Low White Matter Connectivity.  
Diffusion imaging was used to compare white matter connectivity between the anterior 
cingulum (A, C, E, G) and the posterior cingulum (B, D, F, H). A) Both PDGFRα and 
CC1 cell counts demonstrated a negative correlation with white matter connectivity (p = 
0.036 and p = 0.030, respectively) in the anterior cingulum. B) No correlations were 
found with will counts in the posterior cingulum. C) Analyses with cell density showed a 
trend with CC1 cell density (p = 0.082), but no trend with PDGFRα cell density in the 
anterior cingulum.  D) No correlations with either cell density in the posterior cingulum. 
E) Correlations with NQA also showed a trend with CC1 cell counts (p = 0.085), but no 
correlation with PDGFRα counts in the anterior cingulum. F) No correlations with cell 
counts and NQA in the posterior cingulum. G) There were no correlations between age 
and the number of connections for both cingulum regions. H) CII scores suggest a trend 
towards correlation with the number of connections in the anterior cingulum (p = 0.075), 
but not in the posterior cingulum. 
	    
	  	  
191 
	  	    
A B 
C D 
E F 
G H 
	  	  
192 
Figure 22: Mass Spectrometry Analysis of Cerebral Spinal Fluid.  
A) Proteins that were down-regulated with impairment were separated into 22 gene 
ontology categories using gene set enrichment analysis. Proteins involved with 
axonogenesis and axon guidance were further examined with a decrease in protein 
abundance in: B) Deleted in Colorectal Cancer (DCC, p = 0.0267), C) Roundabout-axon 
guidance receptor 1 (ROBO1, p = 0.0459), D) SLIT and NTRK-like protein 4 (SLITRK4, 
p = 0.0188), E) Ephrin-A5 (EFNA5, p = 0.0054), F) Contactin-4 (CNTN4, p = 0.0292), 
G) Neurofascin (NFASC, p = 0.0135).  	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CHAPTER FIVE 
Conclusions and Future Directions 
For the last 50 years, the proliferation and survival of neurons in the adult brain 
has generated great speculation and debate. Within the last 20 years, there have been 
many published reports demonstrating evidence for adult-born neurons in specialized 
“neurogenic niches” in the brain. Research has now expanded to investigate the role of 
these adult-generated neurons and the potential contribution to ongoing cognitive 
processes. Unlike the debate surrounding adult-generated neurons, gliogenesis is known 
to occur throughout the lifespan. However, more recently research has begun to elucidate 
the role of glial cells in the brain, beyond the supporting cellular system for neuronal 
transmission. In particular, oligodendrocytes which are primarily involved in the 
formation of myelin, have been shown to participate in many other cellular processes 
including metabolic support for axons, neuron-glia interactions, and adaptive 
myelination. Therefore, functional role of the oligodendroglial cells is much greater than 
previously assumed and may play a larger role in cognitive processing.  
The studies in this dissertation have been directed toward investigating age-
related changes in adult-neurogenesis and oligodendrogenesis in the rhesus monkey. Of 
particular interest is the role these cellular processes play in cognitive function, and the 
potential translational applications in the human brain.  
Summary of Results 
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In the first chapter of this dissertation, it was shown that neurogenesis in the 
monkey dentate gyrus (DG) continues into old age, but the rate of neuron generation 
declines, and neuronal maturation is delayed with age.  Despite the diminished generation 
and delayed maturation, approximately 50% of newly generated cells continue to express 
mature neuronal markers at greater than one year in all but the very oldest of monkeys 
(i.e. those over 20 years of age) where the rate may be reduced to 20%.  Analysis of total 
DG granule cell numbers across the life span shows that a proportion of these new 
neurons survive and add to the complement of neurons in the DG where there is a modest 
but steady increase in number with age.  When considering the potential contribution to 
cognition function, this study found that the number of proliferating cells labeled after a 3 
week survival significantly correlated with performance on the initial category learning in 
a set-shifting task, although, age alone was the best predictor of performance, suggesting 
that multiple factors underlie age-related cognitive impairment. Research on newly-
generated neurons in the DG have also indicated a role in specific cognitive tasks such as 
pattern separation. Therefore, a task designed to more specifically assess pattern 
separation may reveal a contribution of neurogenesis to cognitive function.  
Overall, despite the age-related decline in neurogenesis, new neurons continue to 
be generated and likely persist in sufficient numbers to contribute to the functioning of 
the dentate gyrus. Based on these results, it will be important to determine how newly 
generated dentate granule cells function in the context of new learning, as conditions 
which delay or perturb adult neurogenesis such as aging, traumatic brain injury, and 
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various stressors including psychiatric conditions may benefit from interventions to 
enhance new neuron generation and functional integration.  
Further investigation of adult neurogenesis in regions outside of the dentate gyrus 
was presented in chapter II of this dissertation. This study reported the presence of DCX+ 
immature neurons in the monkey temporal lobe cortex. Through the co-localization with 
proliferation markers, it was determined that immature cortical neurons were 
predominately generated during embryonic and early postnatal development and remain 
in an arrested immature state into adulthood. Quantification of DCX+ neurons indicated 
an age-related decline in neuronal number. Subsequently, the gradual maturation of 
immature neurons into a mature neuronal phenotype was examined through the 
concurrent down-regulation of DCX in conjunction with the up-regulation of the mature 
neuronal marker, NeuN. The cellular identity of DCX+ neurons was investigated through 
multiple labeling immunohistochemistry with markers of excitatory and inhibitory 
cellular phenotypes. Results from this study indicate evidence of co-localization between 
DCX and the calcium binding protein, Calretinin (CR). Initial interpretation would 
categorize these neurons as inhibitory interneurons based on these protein expression 
profiles, however, no co-localization was seen with the GABA synthesizing enzyme, 
GAD67. It remains possible that these neurons are still early in the maturation process 
and not yet expressing detectable levels of GAD or GABA. Alternatively, evidence from 
studies in the monkey prefrontal cortex have shown that 23% of CR+ cells are non-
GABAergic (Melchitzky et al., 2005), leaving the potential of these DCX/CR neurons are 
excitatory. Despite the inconclusive cellular identity of these DCX+ neurons, it appears 
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that a reserve pool of immature neurons gradually differentiate into mature neurons 
throughout the lifespan, providing great potential for ongoing plasticity within the cortex.  
In chapter three of this dissertation, the study examined the age-related, and 
cognitive impairment- related alterations in oligodendrogenesis in the adult brain. 
Stereological quantification of oligodendrocyte precursor cells (OPCs) and mature 
myelinating oligodendrocytes (OLs) were conducted to assess differences in the 
population of oligodendrocyte lineage cells. Regionally specific changes were 
investigated in two different white matter pathways- the Corpus Callosum and Cingulum 
Bundle. These tracts were further separated into anterior and posterior extents to examine 
potential differences in myelination patterns across the rostral-caudal axis. The results 
from this study demonstrate a significant increase in the number of OPCs and OLs in the 
anterior cingulum of cognitively impaired animals, a corresponding increase in total glial 
cells, and an increase in volume. These findings were restricted to the cingulum bundle, 
but not the corpus callosum, with changes only evident in the anterior segment, 
potentially demonstrating a difference between anterior and posterior extents of the brain. 
For correlations with cognitive function, the number of oligodendrocytes had limited 
effects on performance, while age and overall cognitive impairment scores were greater 
predictors of performance outcomes on the cognitive tasks. Further MRI analysis of 
structural white matter connectivity in the cingulum bundle also revealed regional effects 
in the anterior cingulum bundle, with a correlation between higher numbers of 
oligodendrocytes in regions with low white matter connectivity. Assessment of myelin 
integrity, as measured by quantitative anisotrophy (NQA), also demonstrated a 
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correlation between higher numbers of oligodendrocytes in regions with poor NAQ. 
Finally, exploratory analyses of proteins within the CSF of aged and cognitively impaired 
animals revealed changes in proteins associated with axonogenesis and axon guidance 
specifically in impaired animals.  
The change in oligodendroglial populations in the anterior cingulum may 
represent a cellular response to early alterations in the white matter pathways, with 
earliest signs occurring in the anterior aspect of the brain. It remains unclear if 
oligodendrocyte dysfunction initiates these changes in the white matter, followed by a 
subsequent oligodendrocyte repair response. Peters, 2009 proposed an overall mechanism 
of cognitive decline resulting from oligodendrocyte dysfunction. The initiation of this 
mechanism begins with oligodendrocyte dysfunction causing gradual demyelination of 
myelin internodes formed by the specific oligodendrocyte. As a result of demyelination, 
local OPCs proliferate and differentiate into myelinating OLs that participate in 
remyelination generating distinct myelin sheaths that are shorter and thinner, resulting in 
an increase in paranodal profiles (Prineas & McDonald, 1997). It remains plausible that 
remodeling of myelin segments along the axon generates changes in axonal 
communication resulting in slower conduction rates along the nerve fiber and 
consequently disrupting the timing of neuronal circuits resulting in cognitive 
impairments. This process could be a potential mechanism of action occurring in 
impaired animals, regardless of age, and may explain the increase of oligodendrocytes 
seen in cognitively impaired animals in this study. However, future studies will have to 
determine the underlying mechanisms involved in axonal disruption, and if 
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oligodendrocytes can in fact repair damaged myelin to restore communication between 
neural circuits for ongoing cognitive function. As oligodendrocytes are highly motile 
cells with great potential for local plasticity, the manipulation of these cells may promote 
successful myelin regeneration in the adult brain.   
Overall, the studies within this dissertation highlight the intriguing capabilities of 
ongoing neuronal and oligodendroglial proliferation and integration in the aging brain. 
While neurogenesis appears to be important for more specific forms of cognitive 
functioning, the reserve pools of immature neurons in the cortex present more subtle 
capabilities of neuronal modulation of plasticity within the cortex. Furthermore, while the 
proliferation of oligodendrocytes does not appear to contribute directly to cognitive 
function, role of these cells in myelin re-modeling and remyelination may be a response 
to global changes in the aging and cognitively impaired environment. As a result, 
correlations between oligodendrocyte cell counts and cognitive function are limited, but it 
is more important to consider the role of oligodendrocytes in myelination and the 
maintenance of axonal communication and neuronal circuitry. 
Environmental Factors Modulating Neurogenesis and Oligodendrogenesis 
Both adult neurogenesis and oligodendrogenesis have shown to be highly 
impacted by intrinsic and extrinsic factors. The capability to modulate the proliferation 
and cellular functioning of these cells via non-invasive, external manipulation provide a 
large potential for therapeutic applications. Forms of external manipulation such as social 
interaction, stress, dietary supplementation, and enriched environments can exert both 
positive and negative effects on cell proliferation and survival. The factors which have 
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been shown to have effects on the number of adult-generated neurons and 
oligodendrocytes are discussed in more detail.  
The term “environmental enrichment” has evolved to describe a multitude of 
experimental manipulations including exploratory objects, exercise wheels, social 
interactions and naturalistic environments. These various forms of enrichment have all 
been shown to increase neuron proliferation and survival in the hippocampal dentate 
gyrus (Kempermann et al., 1997; Tashiro et al., 2007; Kobilo et al. 2011). In a study 
investigating differences in housing and enrichment, an increase in DG granule cells was 
reported for mice living in enriched environments compared to mice living in standard 
laboratory conditions (Kempermann et al.,1997). In addition, in a study comparing total 
number of granule cells in the DG, Amrein et al., (2004) reported an increase in granule 
cells over the lifespan for wild rodents in comparison with laboratory rodents. The wild 
environment provides many forms of enrichment and social interactions, but can also 
increase stress levels due to predatory threats. Therefore, it can be presumed that the 
environment for wild rodents is likely to be highly unpredictable compared to caged 
laboratory rodents. In enrichment studies using non-human primate, Kozorovitskiy et al., 
(2005), created varying levels of enriched environments varying from standard laboratory 
housing to a more naturalistic environment with branches, leaves and vines.  This study 
demonstrated that one month in an enriched environment increased dendritic spine 
density of hippocampal CA1 neurons, DG neurons, and prefrontal cortex (PFC) neurons 
in the non-human primate, further demonstrating the positive impact of enrichment on the 
morphological and physiological properties of neurons. Additional studies using other 
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forms of enrichment including exercise and exploratory objects have shown that both of 
these forms of enrichment are beneficial and enhance neurogenesis, with running have 
the largest increase on neuronal numbers (Kobilo et al., 2011).   
Exploration of external manipulation on neuronal morphology and physiology has 
also been conducted on immature neurons in the cortex. These studies have shown that 
the number of immature cortical neurons can be increased through olfactory enrichment 
(Shapiro et al.,  2007), decreased by stress (Nacher et al., 2004), and altered based on 
pharmacological treatments with antidepressants (Sairanen et al., 2007). These forms of 
modulations suggest immature neurons in the cortex also play a role in plasticity and 
neuronal differentiation in response to environmental signals, similar to that seen in the 
hippocampal DG.  
In addition to the manipulation of neurons, oligodendrocytes also respond to 
changes in the external environment. In particular, adaptive myelination has shown the 
tremendous potential for the plasticity of oligodendrocytes in myelin formation. The 
biological process underlying this concept is initiated by neuronal electrical excitability 
modifying oligodendrocyte production of myelin. An increase in thickness of the myelin 
sheaths generates a feedback loop to modulate neural activity and, consequently, 
behavior. Thereby, the behaviors affecting neuronal activity can be considered a form of 
external modulation. The neuronal circuitry underlying this feedback loop has been 
demonstrated with optogenetic studies providing direct in vivo demonstration of neuronal 
electrical excitation in the premotor cortex on oligodendrocyte lineage cells and 
myelination (Gibson et al., 2014). Using the neuron-specific Thy1 promoter driving 
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channelrhodopsin, light induced electrical stimulation of layer V neurons in motor cortex 
resulted in increased OPC proliferation and survival, with the mature oligodendrocytes 
also increasing myelin basic protein (MBP) expression and myelin sheath thickness 
(Gibson et al., 2014). Subsequent behavioral outcomes were analyzed through gait 
analysis resulting in increased swing speed of the forelimb. This study indicates that the 
ongoing use and subsequent neuronal excitation of motor neurons resulted in increased 
oligodendrocyte myelination and improved motor performance.  
Additional studies of external manipulation of oligodendrogenesis and 
myelination can be seen human studies of piano playing. Using MRI diffusion imaging of 
white matter motor pathways, Bengtsson et al., (2005) investigated the effects of 
extensive piano practicing during childhood and adulthood. They found positive 
correlations between practicing and fiber tract organization, with increased myelin 
integrity associated with long-term training. This study provides further evidence of 
external manipulation resulting in the plasticity of myelinating tracts, working through a 
feedback loop with neuronal excitability increasing oligodendrogenesis and subsequent 
increases in myelin production and improved behavioral output.  
Overall, these studies offer some evidence of external modulation of adult 
neurogenesis and oligodendrogenesis, providing additional avenues for further research 
applications. These techniques may be employed for the rehabilitation of patients 
following stroke or injury, or could also be applied as preventative techniques to maintain 
cognition function throughout the lifespan. 
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Alterations of Myelin Tracts in the Temporal Lobe 
The present investigation of oligodendrocytes and white matter connections 
within the cingulum bundle demonstrated correlations with cognitive function 
specifically in the anterior segment of the tract. Previously published studies have 
reported higher susceptibility of anterior white matter fibers to myelin degeneration 
potentially due to the protracted time course of myelination (Bartzokis et al. 2004). 
Therefore, additional white matter tracts required for cognitive function should be further 
investigated, with an emphasis on differences between anterior and posterior segments of 
the tract.  
As one of several long-range white matter association fiber tracts in the brain, the 
uncinate fasciculus provides a bidirectional monosynaptic pathway between the 
orbitofrontal cortex with the anterior regions of the temporal lobes (Von Der Heide et al. 
2013). The frontal and temporal cortices contain structures essential for cognition, 
specifically, executive function and learning and memory. Thus, the integrity and 
preservation of the myelinated fibers between these cortices is necessary for neural 
communication and ongoing cognitive function.  
The anatomical segmentation of the uncinate fasciculus can divide the tract into 
three sections: a dorsal/temporal segment, a middle/insular segment, and a ventral/frontal 
extension (Ebeling and von Cramon 1992). The temporal segment contains structures 
within the medial temporal lobe including the uncus, entorhinal and perirhinal cortices. 
These regions are known to contribute to episodic and semantic memory through 
widespread and reciprocal connections with the neocortex (Squire and Zola-Morgan 
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1991). More specifically, transection of the uncinate fasciculus disconnects direct 
connections between the orbitofrontal and inferior temporal lobe resulting in impairments 
in visual conditional learning (Ungerleider et al., 1989; Gaffan et al., 2002). These studies 
have established the importance the uncinate fasciculus for specific forms of learning and 
memory and demonstrate the disruption of these fibers resulting in impaired cognitive 
performance.   
Poor cognitive performance may also result from the asynchrony of neuronal 
circuitry due to abnormal salutatory conduction arising from demyelinated axonal 
segments. Alterations of the homeostatic regulation of oligodendrocytes may be 
indicative of a repair response of oligodendrocytes to damaged white matter for 
remyelination. Therefore, the histological examination of oligodendrocyte populations 
and structural white matter connectivity in the three segments of the uncinate fasciculus 
may reveal regional changes in the microstructure impacting cognitive performance. 
Furthermore, studies examining the maturation of fiber tracts have indicated a 
hierarchical pattern of maturation with frontal-temporal connections developing more 
slowly than other tracts such as the corpus callosum. Therefore, similar to the protracted 
myelination of the cingulum bundle, the uncinate fasciculus does not reach its 
developmental peak until the third decade of life (Lebel et al. 2012; Lebel et al. 2008). 
Consequently, the uncinate fasciculus provides an appropriate tract for future 
investigations of oligodendrocyte and white matter alterations occurring across an 
anterior-to-posterior axis of the brain.  
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Myelin Regulatory Factor (Myrf) in Mature Oligodendrocytes 
Future studies focusing on oligodendrocyte function could investigate the role of 
the transcription factor myelin regulatory factor (Myrf). Myrf is a membrane-associated 
transcription factor that undergoes proteolytic cleavage to separate the N-terminal region 
from the transmembrane-bound C-terminal region. The N-terminal cleavage targets the 
nucleus and directly binds to the enhancer region of oligodendrocyte-specific and myelin 
genes (Bujalka et al., 2013). As the differentiation of oligodendrocytes and expression of 
myelin genes is under tight transcriptional control, Myrf has been shown to be required 
for CNS myelinationg during both development and in adulthood.  
Experimental manipulation of Myrf has demonstrated that conditional ablation 
during development causes severe CNS demyelination, with oligodendrocytes stalling at 
the pre-myelinating stage and showing severe deficits in myelin gene expression (Emery 
et al., 2009). This blocks new myelin production, but does not impact the existing 
oligodendrocyte population or result in demyelination of existing sheaths (McKenzie et 
al., 2014). However, the inability to generate new myelin prevented these mice from 
learning new motor skills on a complex running wheel (McKenzie et al., 2014). 
Additional experiments ablating Myrf in mature oligodendrocytes in the adult CNS also 
causes a rapid down-regulation of myelin gene expression followed by a gradual 
degeneration of CNS myelin (Koenning et al., 2012). Myrf is expressed only at the 
postmitotic stage of the oligodendrocyte lineage, and following its induction, mediates 
the progression of premyelinating oligodendrocytes to a mature, myelinating state. 
Therefore, it is possible that mature oligodendrocytes may not have activated Myrf, 
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resulting in non-functional oligodendrocytes, stalled in a non-myelinating state. As 
altered or inadequate myelination in the adult could be a component of psychiatric 
disorders, or cognitive dysfunction, it would be interesting to investigate to role of Myrf 
expression in oligodendrocytes in these conditions. These studies highlight the 
importance of normal oligodendrocyte function in adaptive myelination and ongoing 
plasticity for learning and function in the brain. 
Future Studies on Systemic CSF Factors 
The exploration of the systemic environment through blood or CSF samples 
provides a unique method to assess ongoing changes throughout the body and brain. As a 
result of the close apposition of the CSF compartments to the interstitial fluid of the 
brain, CSF is a potential source of biomarkers for different conditions within the brain. 
Within the context of this dissertation, the CSF analysis was designed to identify putative 
markers differentiating between a normal aging environment, and an environment 
reflective of cognitive impairment. The largest category of protein abundance change was 
found in the CSF of proteins down-regulated with impairment, with a large overlap 
between proteins involved with axonogenesis and axon guidance. However, many other 
proteins were quantified that may also play an important role in cognitive aging, and 
further analysis could elucidate the specific role in the brain.  
As a normal process of aging, the brain can up-regulate or down-regulate the 
expression of proteins necessary for continued function. However, differential protein 
expression between the ‘successful’ aging brain compared with the in ‘unsuccessful’ 
cognitively impaired brain may highlight a deregulation in proteins expression, or 
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alterations in clearance mechanisms. Future investigation should be directed towards 
proteins displaying differential regulation with age and cognitive impairment. For 
example, proteins such as the Oligodendrocyte-Myelin Glycoprotein (OMG), 
Apolipoprotein E (APOE), and Neural cell adhesion molecule 1 (NCAM1) show an age-
dependent increase in expression, but a down-regulation with cognitive impairment. The 
change in these protein levels may provide insight into mechanistic changes going on 
within the brain.   
The Oligodendrocyte-Myelin Glycoprotein (OMG) is part of a group of proteins 
known as ‘inhibitors of regeneration in myelin’ (Filbin, 2003). These proteins include 
NOGO, Myelin-associated glycoprotein (Mag) and OMG, all of which work through a 
trimeric receptor complex comprising the Nogo receptor (Ngr), LINGO-1 and p75NTR 
(Tönges et al., 2011). Signaling pathways through these receptors lead to the inhibition of 
neurite outgrowth by causing growth cone collapse. OMG is a 
glycoslyphosphatidylinositol (GPI)-anchored myelin protein which appears to be 
developmentally regulated with peak expression in the late stages of myelination. As a 
marker of myelination, it has been implicated in the arrest of oligodendrocyte 
proliferation, arrest of myelination, and the initiation of myelin compaction (Wang et al., 
2002). Therefore, it is interesting to speculate that an increase of OMG with age could 
result in the inhibition of myelin generation, whereas a decrease in cognitive impairment 
may be suggestive of continued myelin regeneration, or re-myelination.  
Apolipoprotein E (APOE) is essential for normal lipid homeostasis in the brain 
through lipid transport and clearance (Holtzman et al., 2012). Individuals carrying the 
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APOE E4 allele are at increased risk of developing Alzheimer’s disease (AD) and have a 
decreased age of onset (Corder et al., 1993; Raber et al., 2004). The mechanisms of 
genetic vulnerability are still unclear, but the effects of the APOE E4 gene on brain 
structure and function do not appear to be pathological alone, but rather, make the brain 
more susceptible to age-associated pathological mechanisms. In particular, the APOE E4 
gene has been reported to accelerate and possibly induce amyloid-β accumulation in the 
brain (Reinvang et al., 2013). While non-human primates demonstrate age-related 
neuropathologies in brain such as amyloid deposition, these plaques do not correlate to 
cognitive function and cannot be characterized as Alzheimer’s disease (AD) (Sloane et 
al., 1997). However, investigation into the CSF abundance of APOE remains an 
intriguing avenue for further research, and how it may impact cognitive function.  
Finally, the Neural cell adhesion molecule 1 (NCAM1) is a glycoprotein localized 
in the plasma membrane of neural and glial cells (Massaro et al., 2009). There are 3 
major isoforms of NCAM which differ in molecular weight, distribution, and function. 
Distinct roles of the NCAM within the CNS include neuron-neuron and glia-neuron cell 
adhesion, cell-cell recognition, development of the CNS, synaptic plasticity, memory and 
learning, and post-injury regeneration (Massaro, 2002). In studies investigating the role 
of NCAM in the hippocampus, the selective ablation of NCAM in aged rodents resulted 
in poorer performance on tasks of working memory (Bisaz et al., 2013). These finding 
suggest a role for NCAM specifically in cognitive aging, with decreased NCAM 
expression enhancing the vulnerability to develop cognitive impairments due to aging.  
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These three proteins provide examples of additional proteins that may be 
deregulated in aged animals with cognitive impairment compared with normal aged 
animals. These proteins, amongst others, may provide information regarding ongoing 
changes in the aging brain related to myelin-regeneration or the formation of synaptic 
connections between newly-generated neurons. Therefore, widespread analyses of the 
systemic CSF may generate more targeted results for further in-depth investigation.  
Conclusion 
Identifying the neurobiological underpinnings of age-related cognitive decline is 
an important component for the development of therapeutic applications to improve 
cognition functioning throughout the lifespan. The studies in this dissertation indicate that 
adult neurogenesis is a potential mechanism to improve cognitive performance, although 
the applications may be limited to tasks involving hippocampal function. While 
oligodendrocytes do not appear to contribute directly to cognitive performance, these 
cells may have an indirect mechanism through myelin repair and new myelin formation, 
which could improve axonal transmission and communication between neuronal 
networks. Furthermore, as both adult neurogenesis and oligodendrogenesis can be 
modulated by external factors, the means to increase these cell populations non-
invasively could provide potential avenues for therapeutic applications. 
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